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ABSTRACT 


This thesis presents a plastic design method for steel frame- 
shear wall structures. The design is based on the ultimate capacity 
of the structure and the method includes the effect of the formation 
of plastic hinges in the structure and the PA effect. 

The frame portion of the structure is first designed plasti- 
cally as a braced frame. The wall is then proportioned for strength 
considering the contribution of the frame in resisting combined loads. 

A simple direct design method is presented for the class of structures 
which do not reach their ultimate capacities once the shear wall develops 
a plastic hinge. For structures which do reach their ultimate capacities 
once the shear wall develops a plastic hinge, the design is based on an 
analysis in which the wall remains elastic. 

Following this preliminary design the wall proportions are 
checked and possibly modified to resist the effect of full gravity loads 
alone, acting on the structure and to ensure that the working load 
deflections are satisfactory. 

The adequacy of the design method is verified by a rigorous 
computer analysis of typical steel frame-shear wall structures designed 


as described above. 
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Chapter I 
INTRODUCTION 


Modern structures frequently consist of frames coupled with 
shear walls. A plan view of a typical structure is shown in Figure 
1.1. This structure consists of seven parallel steel bents, coupled 
with a reinforced concrete core through the floor system. If the 
floor diaphrams are rigid the structure may be idealized as shown in 
Figure 1.2. In this figure the bent containing the snear wall is 
linked by inextensible bars to a lumped bent, which is proportioned 
to represent the action of the framed Lents in the rir tune we 

The stiff shear wall dominates the behavior of the structure 
under lateral loads so that common design practice has been to assume 
that tne walls resist all the lateral load\?? [neta liestruciures, 
however, significant interaction may occur between the wall and the 
frame due to the incompatibility of the cantilever deformation of the 


(15), 


wall and tne portal deformation of the frame This interaction, 
if neglected, may result in an unsafe or an uneconomical design. 
The frame portion of the structure shown in plan in Figure 


(2,3). The behavior 


1. 1 has been designed plastically as a braced frame 
of this structure under combined loads is illustrated in Figure 1.3 
which plots the load factor (L.F.) on lateral loads, A, versus, the, roof 
sway, A. Gravity loads (L.F. = 1.3) have been applied initially, then 
held constant as the lateral loads are increased monotonically. In 
this figure, the dotted, dashed, and solid curves represent the results 
of a first order elastic analysis, a first order elastic-plastic 


analysis, and a second order elastic-plastic analysis, peopeceively ats). 
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The first order elastic analysis overestimates the stiffness 
of the structure and indicates that the formation of the first plastic 
hinge in the structure occurs on the initial application of gravity 
loads. Thus, according to elastic design philosophy the usable capa- 
city of the structure corresponds to the origin of the i-A D1Ots ne 105 
in no way relates to the actual ultimate capacity, which may be utilized. 

The intaeor ten elastic-plastic analysis indicates the 
gradual deterioration in stiffness due to the formation of plastic 
hinges in the structure. The X-A response becomes horizontal at "b" 
which represents the formation of a simple plastic failure mechanism. 
The mechanism load grossly overestimates the actual failure load (which 
is reached before a mechanism forms) because the analysis neglects the 
second order (PA) effect. 

The second order elastic-plastic analysis accurately predicts 


(257) Thee poOANtawea. represents 


the actual response of the structure 
the formation of the first plastic hinge in the shear wall, and at "c" 
the ultimate capacity of the structure is reached. The increase in 
capacity between "a" and "c" is due to the plastic redistribution of 
forces between the wall and the frame. 

From the above discussion it is apparent that a rational 
design procedure for frame-shear wall structures, based on the ultimate 
capacity, must include the effect of plastic hinging in the structure 
and the PA effect. The purpose of this thesis is to develop such a 
design procedure for steel frame-shear wall structures. 

Plastic design methods are available for braced and unbraced 


multi-story steel frames, 4 The methods consist of dividing the frame 


into characteristic units which are designed as if their action were 





2zonttite ond 2stemtteovevo 2ieylens attests yebao Sexi? onF = 
xtteslq tevit ant to norstemvot sat Jead esdsorbnr bas ‘siusounse ands to 
ytiverp to noftsoriqgs lettin? sat no evuos0 swiouge ar nt. apmid 


-6962 9ldeeu ant yrgoeoliig npfesb kan ot pntb10096 « aunt -2b6o! 


atdT .tofa A-k oft Yo nfptvo sdt ot ebnoqesstos SywioMide ait to Wie 
.bestlttu od vem dotdw .ytrosqes otemtifu feuto6s sat oF eetetsy yaw on fit 

ont esteotbnt zteylens oftes!q-orgesis vabio f2xt% on? 
oftes{[q to noftsmyvot saz of gub eeantttte nt notterotyvodeb. foubs-yp 
"d" a6 [sdnostyvon 2smoosd senogesy A-k att .oyudouyte ant at 2apntn 
m2tnedoom syulist otteslq ofqmte & to nofttemiot Sat 2sneesyqo7 noid 
dotdw) bso! sywIiTst feutos ant estemtteoysvo ylezowp beol n2tnedoom oT 
ait etosl[psn 2efevfens ont seusosd (emrot mernstoom 5 anata bores at 
tostts (a9) aby bnoade 

zJorbeiq ylotsyuo05 efeylens sft26lq- attesta s1ebyo broase ort 
2trsestgey "Ss" tnroq sat . (YS Subse ony to Senogesy feutos afd 
"3" $68 bone . flew vssne odd nt Saray atdentg tevrt ong to wo rsemio? sig 
af s26syanf oT .bonosey 27 ones iada! ont to yasonaes odomts Tu ontd 


to nottudivterber 2ftesfg shy oF Sub 2f “do” bis "ps" neowisd yi tosqeo 


cement? odd baie Phew odd nesnted 299707 


Janottss 6 teat tnseisqqs er tf nofeeuaerb eyods sit mova 
ssemttiu sit no bszed 2aruiourte iisw veede-ome17 107 a 
‘ewudours2 oft ni pntontd aida6 lg to Toate. orld sburont 4 i 
OF ene Rae tT J 
; 1 J 9ST 
k: mee : ‘Saag as 


-° ATE 


Co wong nie a 





- 


peak A da =y ; rT 
A 
be 
» 





independent of the behavior of the rest of the frame. For braced frames 
the strength and stiffness of bracing required to resist lateral loads 
and PA forces are directly determined for each characteristic unit. 

This approach has little applicability to frame-shear wall structures, 
thus, direct methods for the plastic design of such structures are not 
presently available. 

In renter II of this thesis, the literature pertinent to the 
development of a plastic design method for steel frame-shear wal] 
structures is reviewed. The stability of frame-shear wall structures 
is investigated in detail in Chapter III, and a criterion is developed 
to determine the load stage at which the structure reaches its ultimate 
load. 

In Chapter IV an analytical model for the steel frame in a 
frame-shear wall structure is developed. An analytical model for the 
entire frame-shear wall structure is presented in Chapter V. A plastic 
design procedure based on this model is also presented in Chapter V. 
Finally, the design procedure is verified by second order elastic- 
plastic analyses of typical steel frame-shear wall structures in 


Chapter VI. 
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PLAN OF TYPICAL FRAME-SHEAR WALL STRUCTURE 
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CHAPTER II 
DEVELOPMENT OF THE DESIGN METHOD 


2.1 Introduction 

In this chapter the literature pertinent to the development 
of a plastic design method for steel frame-shear wall structures is 
reviewed. In the design method the member sizes in the framed portion 
of the structure are assumed to be selected to resist full gravity 
loads (L.F. = 1.7); the sway forces are assumed to be resisted by the 
bracing system. The beams are designed to develop a three hinge 
mechanism, and the columns are then proportioned to have sufficient 
Capacity to resist the bending moments transmitted from adjacent girders 
in addition to the axial thrust (223) , 

The stiffness of the shear wall in a frame-shear wall struc- 
ture is normally determined by architectural requirements. The wall 
must therefore be designed for strength so that the structure can 


resist the factored loads, and satisfy the serviceability requirements. 


ene slesneti for Combined Loads 


Numerous analytical models for frame-shear wall structures have 


q(13,14,15,16,17,18) | The structure is reduced to a 


been develope 
Simplified planar model and then analyzed to determine the distribution 
of internal moments and forces. 

A typical analytical] model is that presented by gould 16) | 
Gould idealized the complete structure as a cantilever wall supported 
on an elastic foundation as shown in Figure 2.1. In this figure, the 
translational springs represent the lateral action of the frame in each 


story, and the rotational springs represent the restraining action of 
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the girders framing directly into the wall. The rigid bars represent 
the floor system. The spring stiffnesses were derived from a model of 
the frame in which the sway rotations in successive stories were 
assumed equal, and points of inflection were assumed to occur at mid- 
neight in the columns and mid-span in the beams. Gould then subjected 
the analytical model to a first order elastic analysis. In Chapter I 
it has been shown that this analysis is inadequate for a design based 
on the ultimate capacity. 


(6) 


Adams and MacGregor have presented a second order elastic- 


plastic analysis of the analytical model shown in Figure 2.2. Tne 


(8) 


members in the model are designed to have lateral stiffnesses and 
strengths equivalent to those of the actual structure. The analysis 
is capable of including the actual moment-curvature relationship of 
the wall. To use the model the following design procedure was suggested: 


(2,3) under full 


1. Design the frame portion as a braced frame 
gravity loads (L.F. = 1.7). 

2. Analyze the above model under combined loads and adjust 
the strengths and stiffnesses of the wall. Iterate the analysis until 
the required load factor (L.F. = 1.3) is reached and the working load 
deflections are satisfactory. 

Second order elastic-plastic analyses may be performed on more 


NL For example, the analysis 


accurate models of the structure 
reported in reference (10) is capable of tracing the complete load 
deflection history of planar structures, including the descending branch 
of the load deflection curve. The moment-curvature response of a 


section is assumed to be elastic perfectly-plastic. The effect of axial 


load on the column plastic moment capacity, stiffness and deformation is 
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considered. Hinge reversal in the girders is treated; and the effect of 
column and wall finite width may be included. 

Both the analyses described in (6) and (10) require complex 
computer programs. In addition, a design approach using these analyses 
alone, must be iterative. 

The simple direct approach to design, developed in this thesis, 
is based on an estimate of the deflected shape of the structure at the 
ultimate state. The PA effect and the resistance of the frame portion 
may then be evaluated, and the wall proportioned to resist the remaining 
lateral forces. To obtain an estimate of the deflected shape, a stab- 
ility criterion is required to determine the load stage at which the 
structure reaches its ultimate capacity. 

A stability criterion similar to that suggested by Rosenbleuth 
(12) is developed in Chapter III. Rosenbleuth investigated the stability 
of a single story of a frame by comparing the stiffness of the frame 
with the PA effect in that story. The PA effect was represented as a 
"negative stiffness" which subtracts from the story stiffness. Rosenbleuth's 
approach is illustrated in Figure 2.3 which plots the moment, M, versus 
the story sway, A. The solid curve in this figure represents the resist- 


ing moment of the frame defined as: 


(M, + Mo) Gea) 


where M, and Mi. are the moments at the top end and the lower end, 


th 


respectively, of the i column. The dashed curve represents the PA 


moment in the story defined as: 


m 
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where P. is the axial load in the i column. The broken curve in this 


figure represents the total moment defined as: 
(res) 


At point "a" on the broken curve the stiffness of the frame equals the 
slope or "negative stiffness" of the PA curve, and the structure, having 
effectively "zero stiffness", reaches its ultimate capacity. 

For a certain class of structures, the ultimate capacity is 
reached once a plastic hinge develops in the shear wall. An analysis 
based on full moment redistribution is not suitable for these structures. 
Instead a second order elastic-plastic analysis in which the wall remains 
elastic is necessary in order to determine the ultimate forces to be 
resisted by the wall. In Chapter V an analytical model, similar to 
Gould's, is presented for the design of such structures. In this model 
the action of the frame portion is based on the analytical model developed 


in Chapter IV and includes the effect of the formation of plastic hinges. 


2.3 Design for Vertical Loads Alone 

The behavior of structures under gravity loads alone, is indi- 
cated in Figure 2.4. This figure plots the vertical load, w, versus a 
characteristic lateral deflection, A. For perfectly symmetrical struc- 
tures with no initial imperfections, the load may be increased without 
lateral deformation until the critical value, Wor? is reached. At this 
point the structure lurches into a sidesway mode. If the structure is 
unsymmetrical, however, the load deflection relationship is shown by 


the solid curve in Figure 2.4. As the load increases the lateral deflec- 


tions also increase and become very large near Me 
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Under full gravity loads alone (L.F. = 1.7) sufficient bracing 
must be present in the structure to resist the vertical loads in a swayed 
(2) 


position Bracing systems designed to resist gravity loads, alone, 


are normally designed for stiffness, only, as though the structure were 


perfectly mcr osluoioue 


The design approach is to apply the full 
gravity loads and to subject the structure to a small lateral disturb- 
ance. If the seeene System is adequately stiff then tne load is less 
than the critical load and the structure will return to the undeformed 
position. 


Goldberg! !9»20) 


investigated this approach and concluded that 
to ensure that the elastic critical load for sidesway buckling of a 
Single story was above that for non-sway buckling, the bracing system 
must be sufficiently stiff to resist the PA shear in that story. Figure 
2.5 shows the single story frame braced by a spring of stiffness, Ki. 


Equilibrium of the PA shear with the bracing force yields equation 2.4, 


from wnich the bracing stiffness may be calculated. 


m 
A 


In equation 2.4, A is the story sway disturbance, h is the story height 


th 


and P is the non-sway buckling load for the i” column. 


The bracing system in a plastically designed frame is designed 
to resist the PA effect without assistance from the franiaseh. The brac- 
ing stiffness required to resist the PA effect is determined by an 
approach similar to Goldberg's. Each story is given a sway disturbance, 
and equilibrium conditions dictate the required bracing stiffness for a 


story as: 


Of 
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Povequat 1 onmea.5) a is the ultimate load (L.F. = 1.7)on the it 
column in the story. 

The above design approach neglects the strength required 
by the bracing system for real structures which are generally unsymme- 
trical. The bracing system for real structures must provide 
strength to resist the PA forces corresponding to the deformed posi- 
tion of the structure under full gravity loads. 

In frame-shear wall structures the wall stiffness is normally 
determined by architectural requirements. The design approach taken 
in this thesis is to analyze the structure in a deflected position 
corresponding to point "a" in the solid curve of Figure 2.4, to determine 
the forces to be resisted by the bracing system. (For symmetrical struc- 
tures, initial imperfections must be assumed so that the structure deflects 


laterally under gravity loads alone). 


2.4 Summary 


Plastic design methods are available for the design of the 
frame members in steel frame-shear wall structures. To proportion the 
wall under the combined loading case (L.F. = 1.2), an iterative approach 
using a complex computer program is required. Also, the forces to be 
resisted by the wall corresponding to the deformed position of the 
structure under full gravity loads (L.F. = 1.7) are not accounted for. 

It is the purpose of this thesis to develop a design method 


for a simple, direct calculation of the ultimate forces to be resisted 


by the shear wall under combined loads. A rational approach to the 
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design under full gravity loads, alone, is also presented. 
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FIGURE 2.4 LOAD DISPLACEMENT RESPONSE 
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CHAPTER III 
STABILITY OF STEEL FRAME-SHEAR WALL STRUCTURES 


3.1 Introduction 

The previous chapters have emphasized the importance of pro- 
viding sufficient lateral stiffness to resist the second order (PA) 
effects in addition to the applied lateral forces in tall buildings. 
The deterioration of stiffness due to the formation of plastic hinges 
in the structure has also been discussed. Both the PA effect and 
plastic hinging must be included in any rational design procedure based 
on the ultimate capacity of a structure. 

In this chapter the behavior of steel frame-shear wal] 
structures under combined loading is discussed. The behavior under 
gravity loads, alone, is discussed in Chapter V. Attention is focused 
on the determination of the loading stage at which the structure 


reaches its ultimate capacity. 


3-2 ldedltzacion, or tne bul lding 


Figure 3.1(a) shows the plan view of a steel framed building. 
The frame portion has been designed plastically as a braced frame by 
the methods described in References (2) and (3). The frame is braced 
by a shear wall in the form of a central core. It is assumed that the 
structure is symmetrical and is symmetrically loaded; and that the floor 
system is infinitely rigid in its own plane. The building thus trans- 
lates under the action of the applied loads but does not twist. Thus 
the structure may be treated as a series of plane frames as illustrated 
in Figure 3.1(b) where the bents are linked by rigid bars which enforce 


equal floor displacements. 


VW 





ITI ASTIAHD > 

2UAUTIUAT2 JIAW AASH@-IMAAI JaaT2 IO YTIITGATE 

notgoubowenl Fe 

-o1g to sonstyogmr sit besresiqms svar esinend 2vorveyq ST 


(A9) sobio bross2 oft tatesy of azonttite fevstel Insrotiwe Pura 

.epntbftud fist nt esorot Tevetal bat faqs eit of norttbbs a etostts. 
2sontd atse5lq to mofsemrot sit oF Sub e29nTtise to nottevoryeteb oT 

bis tostts Aq and rito8 .beezvoetbh mesd oels 26 stud wide ont at 

be2sd syubss0x%q npresb Tanoftsy yas nf bapulonft sd Jeum pntente ottesiq 

Sane 56 to \ttosqes otemrtiu sit no 

[Taw yeone-smsit foste to worversd sAt netqeio ard nl 

nabnu yvorvsded sit .bsezuoetb ef pntbsol banrtdmos “abr eawwsoyrte 

bo2uoot nortmettA .V yetashd nt bezeuperb er .shons éemet \divere 

avutounde ot dotdw ts Spst2e pntbsal srt to nottenimstsb ont 10 

| .\tiosqso otemttiu edt esrosen 


S.€ 
ae 
y 





-pnfbitud boamsyt feste s to wotv nelq SAd ewore Gr. £ wut 
yd omsv? bass 5 a6 yifsottasfq bonptesb nesd esd norsiog smart AT : 
bavetd 2f omey} ofT .(€) bas (S) 2oonsveteA ni bedtyoeeb aborltam sds 
alt Jedd bomizes et $1 .SYo9 Tsitn92 6 to mot srt nt ow saote 6 bs 
Toot els tend brs epi meee er ie Tsot 
-— ~eneyd id } ont 7 ie aia ‘S< * ee or uh 
oe ror ey 


+ + / 5 * 


a hae Kix ‘ a oahu abies 





18 


Figure 3.2 shows a simpler representation of a plane frame- 
wall system. The frame is a lumped frame, linked by rigid bars to a 


wall at each floor veyed eh 


The properties of this structure are 
indicated in Table 3.1. The plastic moment capacities of the girders, 


Mi? have been reduced so that; 


2 
ee 1.7 wl 


D 16 (3513 


where; w is the uniformly distributed design load on the girders 
(or ="ln@imeena | ts the girder span. Ihe factored loads (L.F. = 1.3) 
are indicated in Figure 3.2. The concentrated vertical loads, cs 


applied to the wall, were adjusted as described below, to study the PA 


effect. 


3.3 Behavior of the Frame-Shear Wall 

The structure shown in Figure 3.2 was analyzed by the rigorous 
second order elastic-plastic analysis described in Reference (10). 
Vertical loads were applied initially and held constant, while lateral 
loads were.increased to define the response of the structure. Figure 
3.3 plots the load factor, », defined as the ratio of lateral loads to 
the design values, versus the roof sway, A; for ae =—0, 458 °kipss and 
2000 Kips. The inserts to this figure show the hinging patterns. The 
number above each hinge indicates the load stage on the A-A curve at 
which the hinge formed. 

The responses in Figure 3.3 are similar, until a plastic hinge 
develops at the base of the shear wall at load stage #5. At this stage 
there is.a drastic reduction in the stiffness of the structure. As the 


structure continues to sway, further resistance to the PA forces and 
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applied lateral loads, is offered by the frame portion alone. For 

Py = 0.0 the frame is able to resist additional applied loads as well 

as the PA forces, so that the capacity of the structure continues to 
increase. At load stage #7 the frame develops mechanisms, simultaneous - 
ly, in each story,there is a drastic reduction in the stiffness of 

the structure, and beyond this stage the capacity of the structure is 
reduced. If the magnitude of the lateral loads at load stage #7 is 
maintained, then the structure becomes unstable at this stage. In this 
thesis it is assumed that lateral loads are maintained in this manner so 
that the attainment of the ultimate capacity represents instability of 
the stnucture . 

For Py = 458 Kips, the frame is just able to resist the PA 
forces, alone, so the load carrying capacity remains constant as the 
structure continues to sway. The structure again reaches its ultimate 
capacity (instability) at load stage #7, as the stiffness is drastically 
reduced, when the frame develops mechanisms, simultaneously, in each story. 

As shown, for EW = 2000 Kips, the frame has insufficient stiff- 
ness to resist the PA forces once a plastic hinge has formed in the wall 


so the maximum capacity of the structure is reached at load stage #5. 


3.4 Significance of Behavior 

For relatively low gravity loads, as shown for PY = 0, and 
ba = 458 Kips in Figure 3.3, the load carrying capacity of the structure 
increased or remained constant despite the drastic reduction in stiff- 
ness which occurred when the wall developed a plastic hinge. The capa- 
city of the structure was reduced only after the stiffness deteriorated 


to the point where increases in the PA effect could not be resisted. 
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This occurred when both the wall and the frame had developed their ulti- 
mate capacities. The plastic design of such structures should, therefore, 
utilize moment redistribution in the structure beyond the stage where the 
wall, alone, reaches its ultimate capacity; up to the stage where the 
capacity of the entire structure is attained. 

As shown, for P= COOORKIPS Inerigure 3.3, tne Structure, 
subjected to relatively high gravity loads, reached its ultimate capacity 
as soon as the wall developed a plastic hinge. The plastic design of 
such structures should therefore be based on an analysis in which the 
wall remains elastic. 

Before plastic design procedures can be applied to frame-shear 
wall structures, a criterion must be developed to determine the stage at 
which the structure becomes unstable. The criterion must only involve a 
comparison between the PA effect and the frame resistance, since the 


structure is likely to become unstable only after the wall has yielded. 


3.5 Development of Stability Criterion 


The. stability of a frame under combined loading is commonly 
examined by studying the stability of each story in turn'2), The 
stability of a single story is determined by comparing the shear resis- 
tance of the structure, with the PA shear in that story. 

Figure 3.4 shows the forces acting on the columns and shear 
wall in a particular story. The resisting shears developed by the 
columns and the shear wall are plotted against the story sway rotation, 
o, in Figure 3.5. The total resisting shear (wall plus frame) is also 
shown by the dashed curve. To determine the resistance to applied shear, 
the PA shear, indicated as a negative quantity in Figure 3.5, is sub- 


tracted from the total resisting shear. At points A and B on the wall 
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2] 
response curve, plastic hinges develop at A and B, respectively, in the 
wall. 

Assuming that the structure is not unstable in the elastic 
range, the stability of the story must be tested at point A, where the 
stiffness is reduced by the first wall hinge. However, this test 
would require a comparison of the PA effect, indicated by the slope of 
the PA curve of Figure 3.5, with the total resisting shear, represented 
by the slope of the dashed curve in Figure 3.5. The total resisting 
Shear consists of not just the frame resistance, but also the resist- 
ance of the partially yielded wall; a resistance which is difficult to 
obtain (Section 5.2). The suggested approach, therefore, is to examine 
the stability in each story by comparing the moment resistance of the 
structure with the overturning moments due to the PA effect. 

Figure 3.6 plots the shear due to the PA effect and the shear 
resisted by the frame; for the structure shown in Figure 3.7 from the 
roof down to level "n", which is "n" stories from the roof. This struc- 
ture is a series of multi-bay frames linked to a shear wall. The effects 
of the beams framing directly into the wall, shown in Figure 3.1(b), 
are neglected. The overturning moment due to the PA effect at this 
location, Mp A> Se 

F 
Moa = L nth, ae Prd (3.2) 
where: h. is the height of the "j"th story. 

Be is the vertical load applied to the floor system of story "k". 

Py is the sway rotation of story "k". 


The moment resisted by the frame, M,, ot 
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where: Ne is the shear resisted by the column in the "j"th story 
of the Mii 4th bay. 
and "m" is the number of bays in the frame. 


The moment due to the applied lateral forces, Mo is: 


n n 
Momo aetien |e) Many (3.4) 
oh ei ot es k 
where: Hi is the concentrated lateral load applied at the "j"th level. 
and hy is the height of the "k'"th story. 


Figure 3.8 plots Mpa? Mes My and the moment resisted by the 
wall, Mie against the story sway rotation, p. The total moment resist- 
ance of the structure (Me + M at level "n" is also indicated by the 
dashed curve. This figure is based on the structure shown in Figure 
3.7, assuming that the deflected shape above level "n" is rectilinear, 
after the wall develops a plastic hinge (Section 5.3.1). The frame 
response is based on the model developed in Chapter IV. The points B, 
C, and D, on the Me curve indicate the stages where bay types B, C and 
D, respectively, in Figure 3.7, fail. It was assumed that each bay of 
the frame portion of Figure 3.7 fails by developing mechanisms, 
simultaneously in every story; and that the wall develops a plastic 
hinge prior to failure of any bay of the frame (Section 5.5). It was 
also assumed that the wall has sufficient stiffness, that elastic 
instability does not occur. 

The stiffness of the structure is significantly reduced, first, 
at load stage "A" in Figure 3.8, when the wall develops a plastic hinge. 
At this stage the stiffness of the structure is given by the slope of 


the Me fF Le curve, which is: 
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The stability is tested by comparing this resistance with the PA effect 


given by the slope of the Mp, curve, which is: 





dM 
dp 
If the term: 
setyg at bh 
do do 


is negative, the structure is unstable at "A". The total resistance of 
the structure is also reduced significantly at load stages B, C, and D 
in Figure 3.8, due to the deterioration of the frame stiffness when 
entire bay types fail. The stability criterion, which is an evaluation 


of the term: 


dM ; Mo, 
dp 


a 
1) lan) 


must, therefore, be applied at stages B, C and D, to determine at which 
stage the structure becomes unstable. 

If the wall develops a plastic hinge at its base the most severe 
stability conditions will occur in the bottom story of the structure. 
Therefore, the stability criterion, aboye, need not be applied to every 
story; only to the bottom story. 

A simple formulation of the above stability criterion has been 
derived in Appendix B, for a multi-bay frame supported by a shear wall 


(Figure 3.7). The formulation simulates an evaluation of the term: 
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in the bottom story. The average total gravity load applied to each story 


is compared with Peg given as: 


m ibys 
a1 leery oye Ga (aa 
(N+1)h° i=] “signi fl 
h Ya 
where: E is the modulus of elasticity for the frame. 


N is the number of stories. 

h is the story height (assumed constant). 

I. is the moment of inertia of the girders in bay i (all girders 
in bay i are assumed to be the same). 

L. is the span of bay i. 

and m is the number of bays which offer resistance to sway at the 

load stage considered. 

If the average total gravity load is greater than Pras at a certain load 

stage, then the structure will become unstable. If the average total 

gravity load, is equal to Fee then the capacity will remain constant as 

the structure sways to the next load stage, at which there is a signi- 

ficant reduction in the stiffness. The response will thus be similar to 

that between load stages 6 and 7 for ae = A58 Kips In higurers so. 

Equation 3.6 should be calculated at load stage "A" of Figure 
3.8, where the stiffness of the structure is first significantly reduced. 
The summation process at this stage should be made over all the bays of 


the frame, with the exception of the bays with link beams, which are not 
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considered to resist sway (Chapter IV). If the structure is stable at 
stage "A", equation 3.6 should then be evaluated at load stage "B", 
where the stiffness is again significantly reduced. In the summation 
process at this stage, therefore, the type "B" bays are neglected. If 
the structure is stable at "B", equation 3.6 should be calculated at 
"Cc", etc., to determine the load stage at which the structure becomes 
unstable. 

To demonstrate the practical significance of the stability 
criterion discussed aboye, equation 3.6 was expressed graphically in 
Figure 3.9, for a multi-bay frame (shown in the insert) with a constant 
bay width, L, and a constant story height of 10 ft.; linked to a shear 
wall. This figure indicates the number of stories at which the struc- 
ture will just be stable, once the wall develops a plastic hinge; in 
terms of the ratio of the girder moment of inertia, I, to the span, L; 
for two magnitudes of the uniformly distributed load, w, and three 
values of the girder span. If a particular structure lies above the 
appropriate curve then the structure will become unstable once the wall 
yields. If the point lies on, or below the curve then the structure 


will become unstable once both the wall yields and the frame develops 


mechanisms. 
3.6 Summary 


Plastic design procedures for frame-shear wall structures 
should utilize moment redistribution in a structure up to the stage at 
which the structure becomes unstable. This stage depends on tne rela- 
tive magnitudes of the gravity loads and the stiffness. The stiffness, 
in turn, is reduced by plastic hinging in the structure. 


In this chapter a criterion has been developed (equation 3.6) 
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to determine at which load stage the structure becomes unstable, once 
the wall yields. This criterion is necessary before plastic design 


procedures can be established. 


8s 





g90 . 9fdeteiu 2omooad switouise ont agate bso 
nptzsb ritestq svotad yreeesnan 2F nots: 


is : 
$ 7 
a 

~~ 
r 7 : : 


ean : - 7 
7 a - a er 
ee RAR 
a ad : y 7 . b erg - 
; ) - 7 7 wo is - 
ee ete 


| a 
: j 


an | 
7. * 
pn ir le 
re J : : : 


i 















STORY | COLUMN 
as Bi 5 - 14 WF 30 
2 | «6 = 14 WF 30 
3 | 5 - 14 WF 30 
4 5 - 14 WF 30 
5 5 - 14 WF 43 
6 5 - 14 WF 43 


i | 5 - 14 WF 43 





BEAMS ALL 5 - 14 WF 30 





WALA E Tee EPSON 10 OL Cinsing 


WALL N, = 25,000 Kip-ft. 


TAB Emel 
PROPERTIES OF STRUCTURE OF FIGURE 3.2 


aif 





OF Wal -e 








OC WAT -c 
OF WA - ec | 
Of WH -¢ 
Eh WAL -c 
Eh WAL - 

ep WA -c 









ne ooo 


O€ WW AT - @ 4JA CMAI 


Pe gen eeaensey yen neon 





———— | 





|S onteqin Torx 2.8 = 1a JuAW 
.ft-qt) 000,28 = git JAW 







[.© 3dGAT 
$. SnWIY 30 TOIT 90 2aTRROR 





Sed 


&. 


| 
wi ta 
Rp Tk 
N DQ 
ap 7a 
a aR 
Ne 
N 
Ju 





(a) PLAN 


HABER EEL 
YUM 





(b) IDEALIZATION 


FIGURE 3.1 STEEL FRAME-SHEAR WALL STRUCTURE 
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FIGURE 3.2 PLANE FRAME-WALL SYSTEM 
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FIGURE 3.4 FORCES ACTING ON COLUMNS AND SHEAR WALL 
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CHAPTER IV 
SINGLE STORY MODEL OF THE STEEL FRAME 


4.1 Introduction 

In this chapter an analytical model for one story of the frame 
portion of a steel frame-shear wall structure is developed. The model 
consists of a single column with its restraining members, thus, the 
response of each column in a given story can be obtained independently 
of tne rest of the frame. The responses of all columns are then super- 
imposed so that tne complete frame response for the story is obtained. 
The process is repeated for each story to determine the response of the 


entire frame. 


4.2 Selection of the Analytical Model 

Figure 3.1(a) shows the plan view of a steel framed building. 
The framed portion nas been designed plastically as a braced rranenceres 
The building is idealized as a series of planar bents shown in Figure 
3.1(b), and described in Section 3.2. 

In Figure 3.1(b) a typical interior portion of one bay is 
enclosed by dashed lines. In Figure 4.1(a) this same portion is shown 
subjected to the factored gravity loads. (L.F. = 1.30 for the combined 
loading case.) Under this loading condition it is assumed that plastic 
hinges form at both ends of the nT Wereaea As lateral loads are applied 
to the structure, the leeward girder hinge rotates plastically and the 
windward hinge reverses and behaves ad aes ieed Wacke 

This portion of the frame may be represented as shown in Figure 


4.1(b). Here the enjoining structure, at the location of a leeward girder 


hinge, is replaced by a concentrated load equal to the girder vertical 
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reaction and a moment equal to the plastic moment capacity of the hinged 
girder. 

Points of inflection are assumed to occur at mid-height in the 
columns adjacent to the story under consideration. The resulting 
analytical model for the response of an individual column, isolated in 
Figure 4.1(c), is less sensitive than if the location of points of 


(2) | In Figure 4.1(c) 


inflection were assumed in the story under question 
points of inflection are located at hy and he above and below the story 
in question, where the story height is denoted by No. If the story 
heights are equal then hy = hs = ho/2. In this model it is assumed that 
the girders are designed for tne same load and have the same moment of 
inertia, I. The moments of inertia of the columns are different and are 
denoted by 11> Is and I. 

In the analysis of the model it is assumed that the member 


response is elastic-perfectly plastics (92). 


The plastic moment capacity 
of a girder is denoted by Mp and the plastic moment capacity of a column, 
Moe is reduced by the presence of axial load. It is further assumed 
tnat local and lateral torsional buckling do not influence the member 
response, howeyer, the possibility of premature lateral torsional buck- 
ling is checked for the columns selected. 

The influence of axial load on the stiffness and axial deforma- 
tion of individual members is not considered in the model. The secondary 
story shears produced by gravity loads acting through their sway dis- 
placements (the PA effect) is included in the analysis of the entire 
Structure by treating the PA shears as additional applied story shears (2), 


“An assumption peculiar to the model is that the sway displace- 


ments in adjacent stories are approximately equal. The validity of this 
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assumption for the frame shearwall structure is tested in Chapter VI. 


4.3 Initial Response of the Analytical Model 


Ir, determining the initial response of the model it is assumed 
that gravity loads, factored by 1.3, are first applied and remain con- 
Stant as the structure is deformed by lateral loads. The model is 
analyzed under lateral loads only while maintaining the hinging effects 
of gravity loads. The relationship between the sway rotation, p, of the 
story under consideration and the resisting shear, V, developed by the 


column is derived in Appendix A as: 


2a 
_ HEL ia 
VaSaeta 5 (4.1) 
2 alk 
N's pe Pee 
L hy 
if i 
where: v= bas nh (4.2) 
: ] 3 


In equation 4.1, E denotes the modulus of elasticity and L the girder span. 
Equation 4.1 predicts a linear relationship between V and p that is valid 


until an additional plastic hinge forms in the model. 


4.4 Ultimate Capacity of the Analytical Model 


The capacity of the analytical model is reached when column BC 
(Figure 4.1(c)) can resist no additional shear. This occurs when the 
moments in the column at B and C cannot increase. The moment at B cannot 
increase if a plastic hinge forms at B in the column or a second hinge 
forms in the girder BE. The ultimate capacity of the model will be 
reached when one of these hinging patterns occurs at boti ends of the 
column BC. 


Figure 4.2 shows, schematically, the four possible mechanisms 
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consistent with the assumed model behavior. If the failure hinge at one 
end of tne column occurs in the column then it is probable that the 
failure hinge will occur in the column at the other end; since adjacent 
stories (having similar stiffness distributions and shears) will have 
Similar force distributions. A similar conclusion is valid for the beam 
ninge pattern. Consequently, only two possible mechanisms are valid: 
those shown in Figura #121 2) and (d). The lower of the loads corres- 
ponding to each of these two mechanisms is the ultimate capacity of the 
analytical model. 


The story shear corresponding to mechanism (a) is: 


ye anetee (4.3) 


The story shear corresponding to mechanism (d) depends on the location of 


the beam hinge and is derived in Appendix A as: 


a 
© OF. SW g ] 
Ve caicas jo.s/"3 3} (4.4) 


In equation 3.4, w is the design load for the girder and Wo is defined in 


equation 4.5 as: 


W ==) =_—oaC (425) 
g ey: 2 


4.5 Single Story Response 


The response of the analytical model is elastic perfectly plas- 
tic. The initial response is predicted by equation 4.1 and the ultimate 
Capacity by equation 4.3 or 4.4. With the response curve determined for 


each column in a story, the response of the entire story is obtained by 
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Superimposing the response curves of the individual columns. The lee- 

ward column in a story is assumed not to develop a resisting shear. 
This process is illustrated for the story slice shown in 

Figure 4.3. The story slice has been taken from a plastically designed 


(2). 


braced frame The girders are subject to a uniformly distributed 
factored load of 1.9 Kip/ft. (L.F. = 1.3). The member properties of the 
Slice are given in Table 4.1. With constant story height, then hy = ha = 
oe ho. The response of each column, predicted by the analytical model, 
is summarized in Table 4.2 and shown by the dashed curves in Figure 4.4. 
In this figure the column responses are superimposed to give the entire 
story response indicated by the solid curve. 

The response of the analytical model adjacent to the shear 
wall, Figure 3.1(b), is influenced by the finite width of the wall. The 
rotation of the wall in each story causes premature hinging in the girders 
framing into the wall, and an apparent increase in stiffness of the model. 
This effect is ignored in the present swat ol 

The response of the model representing a slice from a typical 
story, is not suitable for either the top or bottom story because of the 
special boundary conditions in these stories. A model for the response 
of the top story is derived in Appendix A. The response of the bottom 
story is assumed to be the same as the response of a typical story. This 
assumption is valid because the response of the bottom story of the frame 


portion has little effect on the behavior of the entire frame-shear wal] 


structure (Appendix B, Equation B.3). 


4.6 Discussion of Model Response 


The response of the story slice shown in Figure 4.3 has been 


analyzed by the Lehigh Subassemblage methods and by the rigorous 
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elastic plastic analysis presented in Reference (10). The comparisons 
are shown in Figure 4.5. The solid, dashed and dotted lines represent 
the predictions of the analytical model, the rigorous analysis, and the 
subassemblage method respectively. The responses of the story, predicted 
by all three analyses are very similar; the analytical model being the 
most conservative. 

The insert to Figure 4.5 shows the hinging pattern in the 
story as predicted by the analytical model] and the rigorous analysis. 
The numbers indicate the story shear corresponding to the formation of 
the plastic hinge. The numbers in brackets represent the prediction of 
the analytical model. 

The ability of the analytical model to represent significant 
changes in the moment of inertias of the columns has been investigated. 
In the story slice of Figure 4.3 the moment of inertias of columns 2-3 
were maintained as in Table 4.1. However, the upper column segments 3-4 
and the lower column segments 1-2, had moments of inertias reduced and 
increased, respectively, by 20% of those of columns 2-3. A rigorous 
analysis of this slice resulted in the dashed curve of Figure 4.6. This 
curve corresponds closely to the results obtained from the analytical 
model indicated by the solid curve. 

Comparison of the dashed curves of Figures 4.6 and 4.5 implies 
that the story response is insensitive to the moments of inertias of the 


columns. If it is assumed that the frame is regular so that in equation 
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Equation 4.7 shows that the influence of the column moment of inertia 

on the initial response of the model is small. Thus, if the frame is 
regular, the term ho/I, may be averaged over a number of stories and the 
model will produce a reasonable estimate of the response in each story. 

The sensitivity of the model to the location of column inflec- 
tion points was studied by changing hy and hs (Figure 4.4) by 40% of 
their assumed values of O45 ho. The effect of these changes is shown in 
Figure 4.7. It is apparent that the analytical model is insensitive to 
the location of column inflection points. 

A peculiar assumption of the analytical model is that plastic 
hinges form at both ends of the girders during the initial application 
of gravity loads. The effect of a violation of this assumption has been 
studied by increasing the plastic moment capacities of the girders, in 
Figure 4.3 by 20%. Figure 4.8 shows the comparison between the rigorous 
analysis and the analytical model. The model predicts the ultimate 
capacity of the story, however, the initial stiffness is underestimated 
by the model. This results because the girders exert a rotational 
restraint on the columns at their leeward ends until plastic hinges 


develop at the leeward ends of the girders. 


4.7 Summary 


In this chapter an analytical model for the response of the 
steel frame in a frame-shear wall] structure has been developed. In the 
model it is assumed that the member response is elastic perfectly plas- 
tic. In the following chapter the application of this model to the 


design of steel frame-shear wall structures will be developed. 
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MODULUS OF ELASTICITY E = 29,000 KSI 


TLELUCOURESS oy = 40 KSI 








MEMBERS M, I ry A 
(K-FT) | (INS*) (INS) | (INS*) 

Girders AB 20 US - - 

BC 80 147 : 

cD 180 280 2 
Columns A 30 20 5.0 

B 100 200 5.0 

c 200 300 10.6 

D 200 300 10.6 

TABLE 4.1 


PROPERTIES OF STORY SLICE 
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V(KIPS) 
(EQN. 4.1) 








ULTIMATE 
SWAY 0 


; V(KIPS) a 
(EQN. 4.4) 


COLUMN 





A 0.0245 
B 0.0185 
C 0.0323 
D 0 


a rns nto a a RS 


TABLE 4.2 


RESPONSE OF COLUMNS OF STORY SLICE 
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FIGURE 4,1 DEVELOPMENT OF ANALYTICAL MODEL 
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FIGURE 4,2 FAILURE MECHANISMS FOR ANALYTICAL MODEL 
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CHAPTER V 
PLASTIC DESIGN METHOD FOR STEEL FRAME-SHEAR WALL STRUCTURES 


Oe een crocucc Lon 

In this chapter a plastic design method for steel frame-shear 
wall structures is presented. The method is based on an analytical 
model for the complete frame shear wall structure, described in Section 
5.2; and accounts for the formation of plastic hinges in the structure 
and the second order (PA) effects. 

It is assumed that the frame portion of the structure (Figure 
3.1(b)), has been designed plastically as a braced frame. It is also 
assumed that the dimensions of tiie shear wall are determined by func- 
tional or architectural requirements so that the stiffness of the wall 
is known. The aim of this chapter, therefore, is to determine the mini- 
mum strength required by the wall so that the entire structure has the 
capacity to resist the factored design loads. A check is made to ensure 
that the wall has adequate stiffness to prevent overall] buckling of 
the structure under gravity loads and to control working load deflec- 


tions within specified limits. 


5.2 Analytical Model for the Frame-Shear Wall Structure 


The behavior of the frame portion of a steel frame-shear wal] 
structure alone has been approximated in Chapter IV by isolating a two 
story slice. A comparable slice from the frame-shear wall structure is 
Shown in Figure 5.1. The columns have been isolated at their points of 
inflection and the restraints at the ends of the wall segment are repre- 
sented by rotational springs. The action of the rotational springs, 


however, can only be determined by a second order, elastic-plastic 
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analysis of the entire structure; therefore, the slicing technique is 
unsuited for the analysis of a combined frame-wall structure. 

The analytical model selected is shown in Figure 5.2. The 
shear-wall is treated as a cantilever column; restrained at each floor 
level by translational and rotational springs, which represent the 
action of the frame; and restrained at the base by a rotational spring 
which represents thesactian of the foundation. The response of the 
translational spring in a particular story is that obtained for the steel 
frame portion, developed in Chapter IV. The rotational restraint in 
each story is due to the action of tne beams framing directly into the 
wall. The response of a typical rotational spring is derived in 
Appendix C. The rotational restraint of the foundation is assumed to 
be linearly elastic. 

Lateral loads, Hy are applied as concentrated loads at each 
floor level. To evaluate the PA effect, concentrated loads, hs equa | 
to the total gravity load on each floor, are assigned to the analytical 
model at each floor level. It is assumed that gravity loads are applied 
to the structure, initially; then held constant while the lateral loads 


are incremented, until the ultimate capacity of the structure is reached. 


5.3 The Proposed Plastic Design Method 
5.3.1 Assumed Failure Sequence 





The design method assumes that the sequence of failure of each 
story is as follows: first, a plastic hinge develops in the shear wall 
so that the shear wall above the story rotates under the restraint of 
the frame portion, alone. If the structure is stable once the wall 
renee is assumed that the wall rotates until the usable portion of 


the frame capacity is developed and the ultimate capacity of the structure 
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is reached. It is assumed that the deflected shape of the structure, 
above the story in question, is rectilinear in the ultimate state. The 
effect of treating the above failure sequence in every story, may be 
obtained by assuming that plastic hinges occur in the wall in every 
story, and that the deflected shape of the entire structure is recti- 
linear in the ultimate state. 

Dy onc SLeDsmi erie vesagneProcedure 

The proposed plastic design method (Appendix D) consists of 
the following steps: 

1. Determine whether the structure becomes unstable once the 
wall develops a plastic hinge. The criterion described in Chapter 3 
(equation 3.6) may be used. If the structure is unstable go to step 6. 
If not, continue with steps 2 through 5. 

2. Model the structure according to section 5.2 and Figure 
5.2. Calculate the response of the translational and rotational springs 
OF Figure? 5c2:. 

3. Determine the stage at which the structure becomes 
unstable. Select a sway rotation, Pes for the entire structure, at 
which the structure will be on the verge of instability. 

4. Rotate the entire structure through a sway rotation, De. 
Assuming a rectilinear deflected shape, calculate the shear resisted by 
the frame portion, and the PA shear. Calculate the net shear in the 
wall by subtracting the frame shear from the applied shear and the PA 
shear. 

5. Calculate the moments, shears and axial loads which the 
wall must resist in each story, and proportion the wall accordingly. 


6. If the structure becomes unstable once the wall yields; 
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the shear wall should be proportioned for strength by a second order 
elastic-plastic analysis of the structure, in which the wall remains 
elastic. A computer program to perform such an analysis is presented 
in Appendix E. The program analyzes the model shown in Figure 5.2; 
and is of interest because the important subroutines, FRAME and WALL, 


are small enough to be programmed in a small office somputerseuel 


5.4 Secondary Design Considerations 
5.4.1 Stability Under Gravity Loads Alone 





Under full gravity loads, alone, (L.F. = 1.7) it is assumed 
that beam mechanisms have formed in all girders of the frame. Therefore, 
the shear wall alone must provide lateral resistance to the PA effect. 

The wall must therefore be designed by performing a second 
order analysis and proportioning the wall to resist the corresponding 
forces. For perfectly symmetrical structures, initial imperfections 
must be assumed in order to determine design forces for the wall (section 
2.3). The computer program presented in Appendix E performs the analysis 
for any non-prismatic wall with arbitrary loading. 

5.4.2 Serviceability Requirements 

At working loads (L.F. = 1.0) serviceability requires that the 
story sway rotation be less than a specified index, usually 0.002(2). 
Although plastic hinging in the frame may be acceptable, provided beam 
deflections are foleranie c, it is assumed in this thesis that no 
plastic hinges should form in the shear wall at working loads. The mini- 
mum wall strength and stiffness thus required may be determined by the 
analysis suggested in step 6 of section 5.3.2. Since the entire structure 
will probably be elastic at working loads, the initial response of the 


translational springs of Figure 5.2 should be increased by a factor of 
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four for interior columns and two for exterior columns in the above 
analysis to account for the fact that interior columns are restrained 
by two girders and exterior columns, by one girder which are twice as 
stiff as the girders under combined loads (L.F. = 1.3). 

5.4.3 Flexible Shear Wal] 

In Section 5.3.1 it was assumed that the shear wall develops 
a plastic hinge before the frame portion develops mechanisms, corres- 
ponding to the attainment of the ultimate capacity. If the service- 
ability requirements of Section 5.4.2 are met then this assumption is 
most likely valid. The exception occurs if the wall is much more 
flexible than the frame. In such cases the structure may be unable to 
develop the expected ultimate capacity, since the entire PA effect at 
the ultimate load is not accounted for. The PA effect assumed in 
design is based on the rectilinear deflected shape of the structure 
corresponding to the development of the usable capacity of the frame. 
However, if the wall is still elastic at this stage, then the extra 
deformation required to develop a hinge in the wall represents the PA 
effect not accounted for in the design of the wall. 

To check for such a situation, the following procedure is 
suggested: 

Assume that the frame portion has developed its usable capa- 
city corresponding to a sway rotation, Pr» in every story. Calculate 
the net lateral forces on the wall (applied lateral forces minus the 
frame resistance) and analyze the wall with the computer program in 
Appendix E. If the sway rotation of the wall in each story is less 
than Pes then the entire PA effect at the ultimate state has been satis- 
factorily accounted for. If not, the wall should be redesigned for the 


moments and shears given by the computer program. 
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5.4.4 Rotational Capacity of the Steel Frame 


The proposed plastic design method assumes that the steel 
frame is capable of resisting its share of the ultimate load. However, 
under combined loads (L.F. = 1.3), the axial loads in the leeward 
columns of a bent may be greater than those designed for under gravity 
loads, alone (L.F. = 1.7). The rotational capacities of the leeward 
columns may be Pei nated by lateral torsional buckling, before the 
ultimate state of the structure is reached. Studies by the writer have 
shown that the leeward columns of a bent carry a higher axial load under 
combined loads than designed for under gravity loads alone if the girders 
are eight percent stronger or more than required to support a beam 
mechanism (L.F. = 1.7). Thus, the possibility of lateral torsional 
buckling must be checked if the girders are so overdesigned. 

5.4.5 Inelastic Rotation of the Shear Wal] 

It has been assumed in Section 5.3.2 that the wall can supply 
the inelastic rotations necessary to develop the resisting shear in the 
frame, corresponding to a sway rotation, Pes in each story above the 
story of failure. The maximum Pr to be expected is in the order of 0.02 
radians (Appendix D). This figure represents a very conservative upper 
bound to the inelastic rotational capacity required in the wall, since 
a Significant portion of this rotation, in each story, is supplied by 
rotation of the wall foundation, elastic rotation of the wall, and 
inelastic rotation of stories below the portion of the wall considered. 


(24) of reinforced concrete 


At the University of Alberta, tests 
walls with proportions, reinforcing and moment-shear-thrust ratios 
typical of practical shear walls, obtained inelastic rotations in the 


order of 0.03 radians. Other investigations have likewise confirmed 
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such ductility of reinforced concrete members (2! +2223) | 


So it would 
appear that the ductility requirements of the design method will be 


satisfied. 


5.5 Summary 

A plastic design method for steel frame-shear wall structures 
has been presented. _ The method utilizes plastic redistribution between 
the wall and the frame and accounts for the PA effect in proportioning 
the shear wall. Examples illustrating the design steps and the second- 


ary design considerations are presented in Appendix D. 


bivow at oz. (505% son eem sin Mo a 
ad [Tiw bodsam! Aptesb joie Yo ednemeniupey Wit ttoub ont Jedd weqqs 











— sunita 
| | a; > ‘mained 
soyutourte (Tow vsorle-9me rt [sede vot bortoem nptesb wineee 2 
Aa ieanleal'e ia 
nsewted rioftudiaterber siteslq eostitiy bodvom sat A a 


“n top 
pntnoftyoqoyq nt tostte Ad ont tot etnueso6 bas aiok oft ae Thon ort 

; f 4 ve 7 a? oo) Pj 
-bnoose sid bns eqote npresb odd parssyieulTt est qmexd Stew ial oa 


.d xfbneqgA at bssnsesyg 915 si diac ‘lta 
« eel aime 


1G “aie ate 
| coke parm) 
j 2 gee luted 


stgiegt gQubdl 






se 








{a 






ace, acne 
ey ome Ae hal aa 
apt tat iae © ae 


ata OF 2 Fae 





ene 
iol ae, ’ fi 


i : opts 
: ae a 


1a we pe at ie ne , > 





62 


tt 


ams 





EG We 


FIGURE 5.2 ANALYTICAL MODEL FOR THE FRAME-SHEAR WALL STRUCTURE 





BEE SONORAN 
als NS RAN ANAT RNG 





63 


CHAPTER VI 
VERIFICATION OF THE DESIGN METHOD 


6.1 Introduction 

In this chapter the adequacy of the design method presented 
in Chapter V is tested. Two steel frame-shear wall structures, one 
twelve story and one eighteen story, were designed and then analyzed 
by the rigorous second order elastic-plastic analysis described in 
reference 10. The structures were selected to illustrate designs using 
different degrees of plastic redistribution between the wall and the 
frame. The twelve story structure was designed (Appendix D) to utilize 
complete plastic redistribution, whereas the 18 story structure could 
efficiently use only partial redistribution. The behavior of each 


structure is compared with the behavior assumed in the design method. 


6.2 The Design Examples 


The plan view typical of both example structures is shown in 
Figure 6.1. The structures consist of seven parallel steel bents. Bent 
A-A incorporates a reinforced concrete core. The design loads (L.F. = 
1.0) are 100 P.S.F. vertical load on each floor (including the roof), 
and 20 P.S.F. lateral load. The modulus of elasticity of steel] and 
concrete are assumed to be 30,000 K.S.I. and 3,000 K.S.I., respectively. 
The yield stress of the steel is assumed to be 36 Mos 

Figures 6.2 and 6.3 show the idealization of the building of 
Figure 6.1, for the twelve story and the eighteen story SiVUCLUNG wares = 
pectively. The bent A-A, containing the shear wall, is linked to a 
Jumped bent (19) which represents the action of the remaining bents of 
the structure. The frame portion of each structure is designed plasti- 


cally as a braced structure (no live load reduction). The members used 
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for the columns are shown in Figures 6.2 and 6.3, and those used for the 
girders are given in Table 6.1, except that the moments of inertia, 
plastic section moduli and areas of the members used for the lumped 
bents are five times the values for the members indicated for these 
bents. The assumed dimensions of the reinforced concrete core are shown 
in Figure 6.1. The moment of inertia of the section was reduced by a 


M1) to give an effective moment of inertia of 350 ft’. 


factor of 2.5 
The numbering scheme used for floor levels and column stacks 
is indicated in Figure 6.2. A girder, designated as girder j,i, has its 
left end framing into column stack i at floor level j. Column j,i, has 
its lower end framing into floor level j in column stack i. Story j is 


the story between floor levels j and j+l; similarly, bay 1 is the bay 


between column stacks i and itl. 


6.3 The Twelve Story Structure 

The shear wall in the twelve story structure shown in Figure 
6.2 has been designed in Appendix D. Full plastic redistribution of 
forces between the wall and the frame was utilized and the wall was pro- 
portioned to deliver the moment capacities listed in column eight of 
Table D.3; the serviceability requirements of Section 5.4.2 were ignored. 
The structure was analyzed by a second order elastic-plastic SRS ers 
gravity loads (L.F. = 1.3) were applied initially and held constant, then 
lateral loads increased until the structure reached its ultimate capa- 
City. 

Figure 6.4 plots the load factor on lateral loads, X, versus 
the roof sway for this structure. The numbers on the curve represent 


load stages. Figure 6.5 shows the hinging pattern in the structure. The 


solid circles represent locations of plastic hinges. The numbers above 
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each hinge indicate the load stage at which the hinge formed. The numbers 
are keyed to Figure 6.4. Hinges without numbers formed between load 
Stages one and two. The open circles represent hinges which formed and 
Subsequently reversed. Figure 6.6 shows the deflected shape of the 
Structure at each load stage. The dashed line in this figure represents 
the assumed deflected shape at the ultimate state. 

The shear wall develops plastic ninges in stories 7 and 8 at 
an early stage of loading. Beyond this stage the stiffness of the struc- 
ture gradually deteriorates as the wall and the frame plastify. The 
Structure above stories 7 and 8 deflects rectilinearly as assumed in 
Section 523.4. At load stage 10 there is a marked decrease in stiffness 
as most of the stories of bay 1] develop mechanisms. Between load stage 
10 and 11 the frame portion is just able to resist the PA effect so the 
load-deflection curve of Figure 6.4 is almost horizontal. At load stage 
11, corresponding to A = 1.42, the remaining bays of the frame have 
developed mechanisms and the load capacity is reduced. The sway rotation 
of the top eight stories corresponds closely to the assumed sway rotation 
at the ultimate load. The maximum inelastic rotation of the wall was 
0.0045, well within the capacity of practical reinforced concrete 
sections *<*). 

The analytical model for the steel] frame has been shown, in 
Chapter IV, to adequately predict the response of a two story slice, 
assuming that the sway rotations in two successive stories are equal. 
The ability of the model to predict the response of each story of the 
stee] frame in an actual frame-shear wall structure will be illustrated 
by comparing the assumed and actual resisting shears developed. 


Figures 6.7 to 6.10 plot the total resisting shears developed 
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by columns 1, 2, 3 and 4, against the story sway rotations, for stories 
1, 5, 7 and 11, respectively. The solid curves indicate the responses 
predicted by the second order elastic-plastic analysis. The dashed 
curves indicate the response predicted by the analytical model of the 
steel frame developed in Chapter IV. Figures 6.7 and 6.8 show the 
typically good agreement for the top six stories. Figure 6.10 shows 
the typical agreement for the bottom four stories. For stories 7 and 8 
the agreement was poor. Figure 6.9 shows the poorest agreement. For 
stories 7 and 8 the assumption of equal sway rotations in successive 
stories is not realized (Figure 6.6). The broken curve shown in Figure 
6.9 indicates the response when the effect of different story sways 
is included in the analytical model (Appendix A). The poor agreement 
is adequately explained by this effect. Neglect of this factor in the 
design procedure is conservative and has little effect on the overal] 
stability of the structure. 

The restraining effect of the girders framing directly into 
the wall was predicted accurately by the model presented in Appendix C. 
Figures 6.11 and 6.12 show the response of the windward girder and the 
leeward girder, respectively, for story 5. The agreement between the 
model and the rigorous analysis, shown in these figures, was typical. 

The twelve story structure was analyzed with the shear wall in 
its final design form. The secondary design considerations of stability 
under vertical loads alone (L.F. = 1.7) and serviceability requirements 
were included. The serviceability requirements selected were that under 
working loads no plastic hinging should occur in the wall, and that the 
sway rotation in each story should not exceed 0.002. The meet these 


requirements the effective moment of inertia of the shear wall was 
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increased to 7/00 fees and the moment capacities of the wall in stories 7 
and 8 were increased by 130% and 20%, respectively. The final design 
moments for the wall are given in column (11) of Table D.3. 

Figure 6.13 shows that the serviceability requirements were 
met by the design method. Tne solid curve represents the sway rotation 
of each story under working loads. The dashed line represents the 
deflection index of 0.002. The insert to this figure shows the plastic 
hinges which formed in the structure under working loads. 

Figures 6.14, 6.15 and 6.16 show the plot of load factor on 
lateral loads, 4, versus the roof sway; the hinging pattern in the 
structure, and the deflected shape of the structure at each load stage, 
respectively. The shear wall develops the first plastic hinge between 
load stages 3 and 4. At this point there is a significant decrease in 
stiffness. The stiffness further deteriorates as the frame and the wall 
plastify, until the structure becomes unstable at load stage 12, cor- 
responding to A = 1.52. As in the previous analysis, the actual behavior 
corresponds well with the behavior assumed in the design procedure. 

Figure 6.17 shows the inelastic rotations which occurred at 
each plastic hinge in the wall up to load stage 12. Such inelastic 
rotations are well within the capacity of reinforced concrete sections er 

The economy of the design method is illustrated in Figure 6.18. 
The stepped dotted curve indicates the final design moments in each story 
for the wall. The dashed curve shows the absolute bending moment in the 
wall at load stage 12. Comparison of these two curves shows that there 
has been no overdesign in any story of the wall. For example, the design 
moment in the bottom story of the wall is 21,300 Kip-ft. and the maximum 


moment in this story at the ultimate load was 21,300 Kip-ft. The stepped 
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solid curve in Figure 6.18, shows the design moments in the wall given 
by a second order elastic-plastic analysis in which the wall remained 
elastic. The average design moment in each story, given by this analy- 
sis is 9,140 Kip-ft. The average design moment, by the present design 


method, is only 6,930 Kip-ft., by comparison. 


6.4 Eignteen Story Structure 

The shear wall in the eighteen story structure shown in Figure 
6.3 has been designed in Appendix D. The stability criteria of Chapter 
III indicated that an efficient design for this structure should utilize 
partial plastic redistribution of forces between the wall and the frame. 
The design of the wall is summarized in Table D.4. The sway rotation 
at the ultimate state, Pps selected for the design, was 0.015; this meant 
that the structure would become unstable once bays 1 and 5, of the frame, 
only» developed mechanisms. Since the minimum required moments of column 
(8) of Table D.4 were the final design moments (except for story 6 where 
the capacity had to be increased by 4%) the structure was analyzed in 
the final design form only. The serviceability analysis indicated that 
the effective moment of inertia of the wall should be at least 21,000 ft, 
this value was used in this analysis. 

Figures 6.19, 6.20 and 6.21 show the plot of load factor on 
lateral loads, A, versus the roof sway; the hinging pattern in the struc- 
ture; and the deflected shape of the structure at each load stage, 
respectively. Again, the behavior of the structure corresponded to that 
assumed in the design procedure. Plastic hinges formed in the shear wal | 
early in the loading history. The stiffness of the structure gradually 
deteriorated unti] the structure reached its ultimate capacity at load 


stage 10, corresponding to A = 1.375. At load stage 10, mechanisms formed 
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in bays 1 and 5 only as predicted. 

Figure 6.22 shows the inelastic rotations in the wall at load 
stage 10. Again, the ductility requirements for the wall are within the 
capacity of practical reinforced concrete peeions be 

Figure 6.23 illustrates the economy of the design method. The 
economy of the present plastic design method over the elastic design is 
not aS great as shown in Figure 6.18 for the 12 story structure, because 


only a partial redistribution of forces between the wall and the frame 


could be utilized for the 18 story structure. 


6.5 Summary 


Two steel frame-shear wall structures have been designed by the 
plastic design procedure outlined in Chapter V. Rigorous second order 
elastic-plastic analyses of the resulting structures proved the validity 
of the major design assumptions and showed that the method produces a 


satisfactory design. 
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TABLE 6.1 
GIRDERS USED IN EXAMPLE STRUCTURES 
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FIGURE 6.4 LOAD DISPLACEMENT RESPONSE 12 STORY STRUCTURE 
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FIGURE 6.15 HINGING PATTERN 
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FIGURE 6.17 INELASTIC ROTATION IN WALL 
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FIGURE 6.19 LOAD DEFLECTION RESPONSE 18 STORY STRUCTURE 
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CHAPTER VII 
SUMMARY 


In this thesis a plastic design method for steel frame-shear 
wall structures has been presented. The design is based on the ultimate 
capacity of the structure and the method includes the effect of the forma- 
tion of plastic hinges in the structure and the PA effect. 

The frame portion of the structure is first designed plasti- 
cally as a braced frame. The wall is then proportioned for strength 
considering the contribution of the frame in resisting combined loads 
(L.F. = 1.3). For the class of structures which do not reach their 
ultimate capacities once the shear wall develops a plastic hinge, a simple 
direct design is possible. The approach is based on an estimation of the 
deflected shape of the structure at the ultimate load. From this, the 
PA effect and the resistance of the frame may be calculated and the 
wall proportioned to resist the net lateral and vertical loads. 

For structures which do reach their ultimate capacities once 
the shear wall develops a plastic hinge, the design is based on an analy- 
sis in which the wall remains elastic. A computer program which performs 
a second order elastic-plastic analysis on an approximate model of the 
frame-shear wall structure has been presented for tne design of this 
type of structure. 

Following this preliminary design the wall proportions are 
checked and possibly modified to resist the effect of full gravity loads 
(L.F. = 1.7) alone, acting on the structure and to ensure that the work- 
ing load deflections (L.F. = 1.0) are satisfactory. 


The validity of the assumptions and the adequacy of the design 
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methods presented in this thesis have been verified by a rigorous com- 
puter analysis of a twelve story and an eighteen story steel frame- 


shear wall structure designed as described above. 
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APPENDIX A 
RESPONSE OF THE ANALYTICAL MODEL FOR THE STEEL FRAME 


In this appendix equations are derived to relate the sway 
rotation of a story to the lateral shear resistance of a single column 


Of atilat Story. 


A.1 Analytical Model for a Typical Story 


It is assumed that the structure under consideration is 
regular, so that the sway rotations in adjacent stories are equal; that 
11S.» B) = Po =o a7 2 faS shown in Figure A.1. 

The structure is subjected to combined loading (L.F. = 133) 
Gravity loads are applied first and under these loads, plastic hinges 
form at either end of both girders. Lateral loads are then applied. 
During the sway motion of the structure the plastic hinges at the 
windward ends of the girders BE and CF reverse and provide an elastic 
rotational restraint to the columns at B and C, respectively, in 
Figure A.1. The plastic hinges at the leeward ends will continue to 
rotate plastically during the sway motion, providing no restraint to 
the columns at E and F. 

To obtain the initial response of the model, the slope- 
deflection equations are written for each member, and moment equilibrium 
equations are written for each joint to eliminate the joint rotations 


as unknowns. In this process the following equation is obtained: 
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The coefficients of 8p and 8¢ are assumed to be equal, and to be: 
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Solving for (op + 8c) > the shear equilibrium equation for column BC may 
be written. This results in a relationship between the sway rotation, 


0, and the resisting shear, V, developed by the column: 


6El, 21/L ra 
Ve eo I A.3 
h, xy eli Lod 21,/h, 
I il 
where; yp 8 lia = (A.4) 


In Chapter VI a model including the effect of different sway 
rotations in successive stories is required. So repeating the above 
procedure with Py 7 Po # P3 gives the relationship for the resisting 


shear of column BC in terms of the sway rotations P1> Po and p3 as: 
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Equation (A.3) is valid as long as additional plastic hinges 
do not form in the model. As the structure sways, however, the plastic 


moment capacity, M__, of column BC may be reached at B and C, simul- 


pc 
taneously, or the plastic moment capacities of the girders, My? may be 
reached at a distance from the leeward column, X, (Figure Aol), siml= 
taneously. Either of these mechanisms limits the capacity of the column 


to offer shear resistance to additional sway. 


The shear corresponding to a column mechanism is: 
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To evaluate the shear corresponding to a beam mechanism, con- 
Sider a portion of the analytical model; beam BE and segments of the 
upper and lower columns isolated at their points of inflection, shown 
in Figure A.2. The points of inflection are assumed to be located at 
mid-height in the columns. The factor, 8, in Figure A.2, accounts for 
differing story heights. For constant story height, 6 = 1.0. 

Under the initial application of gravity loads alone, plastic 
hinges form at either end of the girder and the reaction at E in Figure 


Au2 se 


1. 3wL 
2 


Under the superimposed lateral shear, V, corresponding to the formation 


of a plastic hinge at X in the beam, Figure A.2, the reaction at E is: 


Tbawithe, shila 
ye Re 


The moment at the plastic hinge location is given by: 








2 2 
Tay Ce 18S 5] ORNL Pee port w 2 
Spee des as Coe | ercianih' aon KE 
My 12 Daccues' atm dhe fonle 1.3 > (A7) 


In equation (A.7) w is the girder design load and Wg is defined by 
equation (1.5). 


Solving equation (A.7) results in: 
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But x must be located at a maximum in Me So differentiating M. with 


Mespectaloex. gives: 


L BhoV 
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Equations (A.8) and (A.9) yield an expression for V, corresponding to 


a beam mechanism: 
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For the case; Wg =w: 
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A.2 Analytical Model for the Top Story 


The analytical model modified to suit the top story is shown 
in Figure A.3. The moments of inertia of the roof girder and the 
columns are assumed to be the same and are denoted by Lie The floor 
girder is designed for a different load than is the roof girder and has 
a moment of inertia, I. It is assumed that the story height is the same 
in the top two stories, and that the point of inflection in the column 
adjacent to the top story occurs at mid-height. The story sways in the 
top two stories are assumed to be equal; that is; P] = Po = P- 

The initial response of the model is obtained by writing the 
slope-deflection equations for each member, and moment equilibrium 
equations for each joint to eliminate the joint rotations as unknowns. 
The shear equilibrium equation for column AB then gives the shear sway 


response of column AB: 
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To evaluate the resisting shear corresponding to a beam mechanism, 
additional plastic hinges are assumed to have formed in girders AD 
and BE. The shear in column AB corresponding to this mechanism is: 


M 
BE 
ana 


V = ra (A. 13) 


In equation (A.13), Map and Moe are the girder end moments 
and are given by equation (A.14), where V is defined by equation 


(A.10) for each girder: 


M = BhV (A.14) 
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FIGURE A.1 ANALYTICAL MODEL FOR A TYPICAL STORY 
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FIGURE A.% ANALYTICAL MODEL FOR THE TOP STORY 
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APPENDIX B 
STABILITY CRITERION FOR FRAME-SHEAR WALL STRUCTURES 


In this appendix a simple formulation of the stapility 
criterion developed in Section 3.5 of Chapter III is derived. The 
stability of a frame-shear wall structure at a load stage, is indicated 


by the term: 


do do 


where Mp, and Me are defined in section 3.5 of Chapter III, and p is 
the sway rotation of the story under consideration. If this term is 
negative, once the wall has yielded, then the structure is unstable. 

The structure is first idealized as a series of linked bents, 
as shown in Figure 3.8. The structure has N stories, each of height hn. 
The frame portion has M bays, which offer resistance to sway forces at 
a load stage. A bay containing link beams, offers no resistance to 


sway (Chapter IV). Each girder in the jun 


bay carries a uniformly 

distributed load Wa >» has a moment of inertia I.; and spans L.. The 
| total gravity load on each floor, Pas is assumed to be constant. It 
is assumed that the frame is regular enough so that the moment of 


th 


inertia of each column in the i” bay can be replaced by the average 


column moment of inertia, I (Section 4.6, Equation 4.7). 


C. 

It is assumed Bee WE deflected shape of the structure, 
once the wall has developed a plastic hinge, is rectilinear and that 
the sway rotation in each story is p. Thus the stability test need 
only be applied in the bottom story. It is also assumed that the 


response of each column (including those in the top and bottom stories ) 
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is given by equation (A.3) of Appendix A. The shear in the frame in 

each story, L Vago is thus constant; the shear diagram for the frame 

is shown in ie B.1(a). The incremental PA shear in each story, 

P Ps is also constant; the PA shear diagram is shown in Figure B.1(b). 
The resisting moment developed at the bottom story of the 


structure due to the frame is: 


a 
Me = Gra Ge 
Gal yistees, t i 


Substituting equation (A.3) and conservatively assuming that I. = ee 
1 
and that the modulus of elasticity, E, is constant, gives: 


m Ll; 
2 ME Tt (8.2) 
i=] eg, UE 
h 2 
Therefore: 
dM m LZ 
ete | ONE: y ve is (B.3) 
do h ates Aa 
i=] Toe Ie 
h 2 


The moment in the bottom story, due to the PA effect is: 


N 
= ; ei N(N+1 
Mon 2 [JP, ph] = he, se (B.4) 
Therefore: 
dip N(N#1) 


Once the wall has developed a plastic hinge, the structure will just 


be stable at a load stage if: 
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dM dM 
fo _ OPA 
; 2 (Be 6) 
Therefore, equating (B.3) and (B.5) gives: 
m [2 

Be = ice __ } gps (B.7) 

(NEL)ho i=1| OT 1 

h 2 


If the total gravity load applied to each story is greater than Ht at 
a load stage after the wall has yielded, then the structure will be 


unstable. 
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APPENDIX C 
BEAMS FRAMING DIRECTLY INTO THE SHEAR WALL 
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APPENDIX C 
BEAMS FRAMING DIRECTLY INTO THE SHEAR WALL 


In this appendix the response of a typical rotational spring, 
which represents the action of the beams framing directly into the wall, 
shown in Figure 5.2, is derived. As the structure sways laterally, the 
rotation of the wall causes the beams framing into the wall to undergo 
significant vertical displacements at one end (Figures Cel Ganimeand 
C.1(b)). Moments and shears, in addition to those produced by the sway 
motion alone, are induced in the maydems 

On the initial application of gravity loads, Figure Crlta)s 
the restraining moment at the centroid of the wall due to girders AB 


and DE, respectively, are: 


BoBC 
M oe a) + Corie) 
CB Pa 2 
Wey eed 
A - Wo Loedpe 
Melty: oe epee : 2 (C.2) 


where: Mp and Mp are the plastic moment capacities of the 
girders. 
Lap and Log are the girder clear spans. 
dec and dep are the depths of the wall from the centroid 
to each face. 
and, w is the design uniform load (L.F. = 1.0) for the girders. 
As the structure sways, the vertical reaction of girder AB 
at B, increases, as the moment at A increases. Assuming that the 
columns are much stiffer than the girders, then the rotation of girder 


AB at A will be equal to the story sway rotation, p. Therefore, the 
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increase in moment A, due to both the sway and the vertical deflection 
atebeeLs 


aul d 
AB BC 
AM = Oh & } p (Cr3) 
AB Lap Lap 


Translating this into terms of restraining moment; the total 


restraining moment at the centroid of the wall is: 


d d 
= Mp te pe il +t p (c.4) 
CB AB AB AB 





Assuming that the failure mechanism is a beam mechanism; then 


this response is terminated at the sway rotation: 


P 

i. AB ae ie 

| —— 

Lap Lap 

Atethisepoin’: 
dec 
Mp = Mop + 0.94 Mp i (Ceo) 
CB AB ~AB 


is the 


AB 


In equations (C.5) and (C.6) the term 0.94 Mp 
change in moment which occurs at A in Figure C.1 as the structure 


sways until a second plastic hinge forms in girder AB. 


A similar analysis is valid for girder DE. The restraining 


moment at the centroid of the wall, due to girder DE is: 


DE CD,2 
M = M., + {1 +, 0 (C.7) 
Rep cD Loe LOE 
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This response is terminated at the sway rotation: 


0.94 P 
Moe 
en cp, 


LOE LOE 
At this point, the girder has developed a second hinge, and 


the restraining moment on the wall is: 


$2 


(8.9) 
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APPENDIX D 
DESIGN EXAMPLES 


In this appendix, two design examples based on the design 
method described in Chapter V are presented. The examples concern 
structures which become unstable following some degree of plastic 
moment redistribution between the wall and the frame. The examples 
therefore, illustrate the procedure described in section 5.3.2 of 
Chapter V. 

The design examples are described in Chapter VI and illus- 


trated in Figures 6.2 and 6.3, for examples one and two, respectively. 


Example ] - 12 Story Structure 
The steps in the design procedure for proportioning the wal | 
according to section 5.3.2 are: 
STEP_1 Determine if the structure remains stable once the 
wall develops a plastic hinge. 
2a m Its 


po = ——, jy 5-1 — (3.6) 


€ Lee? Se 


Column (1) of table D.1 gives the term: 


I 


2L 
mag ee 


for each of the columns of Figure 6.2 which offer resistance 


to sway once the wall develops a plastic hinge. 
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Total gravity load on each floor level is: 
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Pe = 1040 KIPS 


Since Po < Po» structure remains stable. 


STEPec eal des responsesur each column of the frame, which offers 
resistance to sway, is given in table D.2. For each column 
three values, K, V and Py, are tabulated which define the column 
response. K (KIPS) is the shear-sway rotation response for 
the column and is defined by equation A.12 for the columns 

in story 1, and by equation A.3 for the columns in the remain- 
ing stories. V(KIPS) is the ultimate shear capacity of the 
column, defined by equation A.5 or A.13 for the columns in 
story 1, and by equation A.5 or A.10 for the columns in the 
remaining stories. p, (radians) is the story sway rotation 

at which the column develops its ultimate shear capacity and 


is defined as: 


oes t (D.1) 


The response of the beams framing into the wall (Appendix C) 


are: 


Mp = 301 + 2970 p (C.4) 
CB 

p = 0.010 radians (Gas) 

Mp = -481 + 14200 p (Co/) 
CD 

po = 0.0158 radians (C.8) 


The values 9 indicate the sway rotation at which a second 


“hinge forms in the beams. 


STEP 3. Stage at which the Structure Becomes Unstable 
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From table D.2, columns 1] and 5 develop their capacities 

at po ~ 0.015 radians. All columns have developed their 
Capacities at p ~ 0.002 radians. The stability of the 
structure must therefore be tested at op =~ 0.015 where columns 
1 and 5 offer no further resistance to sway. Referring to 


column (2) of table D.1 equation (3.6) gives: 


a K 
oa = 990° < Po : 


Since Be fe Po and equation (3.6) is conservative it is assumed 
that the structure is stable at this stage. Pr is therefore 
selected as 0.020 radians, since all columns develop their 
capacities at this sway rotation. 

STEPS 4 & 5 Steps 4 and 5 are tabulated in table D.3. In 
this table column (2) gives the total shear resistance of the 
frame portion in each story at Om 0.020 radians. Column 

(3) gives the applied shear due to the lateral load. Column 
(4) gives the shear due to the PA effect at Pe = 0.020 
radians. This shear is imaginary and is used only to cal- 
culate the moments in the wall. Column (5) gives the net 
shear in the wall and is obtained by subtracting column (2) 
from the sum of columns (3) and (4) in each story. Column 

(6) gives the maximum moment in the wall ineach story. Column 
(7) indicates the net restraining moment due to the girders 
framing into the wall, at o = 0.020 radians. Column (7) is 
added to column (6) to give column (8). This column gives 

- the minimum moment required in each story of the wall to 
ensure that the structure reaches a L.F. = 1.3 under combined 


loads. 
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SECONDARY DESIGN CONSIDERATIONS 

The requirements of Section 5.4 were checked. For service- 
ability, the analysis recommended in Section 5.4.3 was used. This 
indicated that the moment of inertia of the wall should be at least 


700 ft" 


and that the wall should have the capacity given in column (9) 
Of table D733 

The AS of Section 5.4.1 was used to check the stability 
of the structure under vertical loads alone (L.F. = 1.7). Column (10) 


gives the minimum moments required by this analysis. 


The final design moments for the wall are given in column 


Cis ye 


EXAMPLE 2 

The 18 story structure of Figure 6.3 was designed in this 
example. The procedure was the same as in example 1. The major cal- 
culations are given in table D.4; the columns in this table corres- 
pond to those of table D.3. 

| For this structure Pe Was selected as 0.015 radians. This 

meant that the design was based on the stage at which only half the 
columns in the frame have developed their capacities. 

To satisfy the serviceability requirements the effective 


moment of inertia of the wall was adjusted to be 2100 ft’, 
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TABLE_D.1 


| COLUMN | Lith . (2) | 
ie | 27.0 im 























TABLE D.1 


STABILITY TERMS FOR COLUMNS OF FIGURE 6.2 
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APPENDIX E 


COMPUTER PROGRAM 


E.1 Description 


In this Appendix the computer program described in step 6 
of section 5.3.2 is presented. The program performs a second order 
elastic-plastic analysis of the analytical model, shown in Figure 
5.2, in which the wall remains elastic. The analytical model repre- 
sents a steel frame-shear wall structure; the translational and 
rotational springs (Figure 5.2) represent the action of the frame 
portion of the structure, and their responses are defined in Appendices 
A and C, respectively. 

The analysis is similar to the iterative procedure described 
in Reference 15, and proceeds as follows: 

1. Assume an initial deflected shape of the structure 
corresponding to a sway rotation of 0.003 radians in each story. 

2. Compute the resistance of the translational and the 
rotational springs. 

3. Calculate the net lateral forces acting on the wall 
@pplied lateral forces minus frame resistance). 

4. Calculate the deflected shape of the wall. This step 
includes the PA effect and consists of successive numerical integrations 
of the wall until convergence of the calculated deflected shape is 
obtained. 

5. Recalculate the resistance of the translational and 
rotational springs. 

6. Repeat steps 3 through 5 until compatibility between the 


wall and the frame; and equilibrium of applied, frame, and wall shears, 
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are satisfied. 

Figures E.1 to E.4 present flow diagrams of the main program 
and the subroutines. Subroutine READIN reads in all the data necessary 
to describe the problem. This includes the size of the structure, 
the loads, and the properties of the translational and rotational 
springs. The data cards required are given in Section E.4. Subroutine 
FRAME calculates the resistance of the translational and rotational 
springs; and also, the net shear in the wall. Subroutine WALL per- 
forms the numerical integration of the wall to calculate the deflected 
Shape. 

A listing of the program is given in Section E.5 and typical 
output is given in Section E.6. The nomenclature for the program is 


defined in Section E.3. 


Eee se NCCUrdc yeu Inatile Analysis 


The twelve and eighteen story structures described in Chapter 
VI and shown in Figures 6.2 and 6.3, respectively, were analyzed by 
the computer program described herein and by the program described in 
Reference 10. The load factor on gravity and lateral loads was Ne Sie 
Figures E.5 and E.6 show the deflected shape and the bending moments 
in the wall, respectively, for the structure of Figure 6.2. The solid 
curve indicates results given by the analysis of Reference 10 and the 
dashed curve indicates the results of the present analysis. Figures 
E.7 and E.8 again compare the deflected shape and the bending moments 
jin the wall, respectively; calculated by both methods, for the 18 story 
structure of Figure 6.3. 

The better agreement indicated for the taller structure may 


be explained by the fact that the assumption of equal successive story 
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E4 
sway rotations is valid for a greater proportion of stories in the 18 
story structure than the 12 story structure. Generalizing, it may be 
concluded that the accuracy of the present analysis will increase with 


taller structures. 


E.3 Nomenclature for Computer Program 


BM(J) Benging moment at level "j" in wall (K-FT). 

CM(J). Restraining moment due to beams framing into the wal] 
(K-FT). 

DEFLN(N J) Deflection of wall at level "j". 

DELM(J) Change in wall moment (K-FT). 

DELV(J) Change in wall shear (K). 

E Modulus of elasticity of wall (KSI). 

ERTIA(J) Moment of inertia of wall in story "j" (FT*). 

F(J) First order wall shear (K). 

FLAT (J) Applied lateral force at level j (K). 

FF(J) Applied shear in story j (K). 

FRAM(J) Resisting shear of frame in story j (K). 

FULT (J ,1) Capacity of jen column in the jh story of the frame (K). 


FULT=V where V is defined by equation A.13 (Appendix A) 
for the top story and by equation A.10 for the remaining 
SLOTES. 

FRAVM(d) Restraining moment due to beams framing into the wal] 
under gravity load only (K-FT). 
GRAVM = Mop - Mop where Mop and Mcp are defined by 


equations (C.1) and (C.2), respectively, in Appendix C. 
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NSTRY 
P(J) 
RO(J) 
ROF(J,1) 


ROM(J) 
ROT (J) 


SOILK 
Sib sa) 


STIFM(J) 


ake 
Story height (FT). 


th story (KIPS). 


Resisting shear of mee column in the j 
Hpien) e=GSTIFF(J,1) x RO). 
Number of stories. 


=K+t1 


Indicator of the number of cycles of iteration on the wall. 


Vombertor columns in the frame. 

Indicator of the number of iterations between wall and 
frame. 

Number of stories. 

Vertical load applied at level j (K). 

Story sway rotation. 

Story sway rotation which develops the capacity of the 


jth column in the jth 


CAMence 
(a 
(C.5) and (C.8), respectively, in Appendix C. 


story. 


ROM = where Pp and Pp are defined by equations 
Story sway rotation which develops the capacity of the 
beams framing into the wall. 
Rotation of wall at level j. 


Base spring constant (K-FT). 


th th 


Initial response of the i column in the j~ story (K). 


SILER = . where V is defined by equation A.12 (Appendix 
A) for columns in the top story and by equation AO SETON 
columns in the remaining stories. 


Rotational stiffness of beams framing directly into the 


wall (K-FT). 
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T(NR,J) Wall deflection after the NR 


E6 


ST LEMG= aT Papo ee where ee and PRE are 
defined by equations (C.4) and (C.7), respectively, in 


Appendix C. 
th iteration between the 


wall and the frame. 


TP (J) Total vertical load at level j (kK). 
ULTM(J) Capacity of the beams framing into the wall (K-FT). 
etal = Mp + Mp where Mp and Mp are defined by 


V(J) 


E.4 


CB CD CB CD 
equations (C.6) and (C.9), respectively, in Appendix C. 


Second order shear in the wall (kK). 


Data Cards 
The data cards are read in the following order: 

Identification card (reproduces first 40 characters at top of 
output). 
Number of columns in frame, number of stories, E, and the base 
spring constant. 

(Z Lom  Oe2 ye le) 
Story height, applied lateral force, applied vertical load, moment 
of inertia of wall, and response of beams framing into the wall. 
H, FLAT, P, ERTA, GRAVM, STIFM, ULTM, ROM (one card for each story; 
for definitions of GRAVM, STIFM, ULTM, and ROM see section eons 
TAO 2, SSS) 
Column Initial Response, (one card for each story - read columns 
across each story in turn). 
STIFF(J,1) (See section E.3). 
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E7 
Column Ultimate Shear Capacity, (one card for each story - read 
columns across each story in turn). 
FULT (3.1) (see Section E.3) 
(8F10.0) 


aS | 
a @ ; 
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CALL READIN 
CALL FRAME 
CALL WALL 


DOES NUMBER OF ITERATIONS 
BETWEEN WALL AND FRAME EXCEED 50 


CALL FRAME 


DOES WALL DEFLECTION 
CONVERGE WITHIN 0.1% 








YES 















PRINT BENDING MOMENT 
SHEAR, DEFLECTION AND 
ROTATION AT EACH LEVEL 






PRINT STORY 
SWAY ROTATIONS 






STOP 


FIGURE E.1 FLOW DIAGRAM FOR THE COMPUTER PROGRAM 
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READ AND PRINT NUMBER OF COLUMNS AND 
STORIES, E, AND BASE SPRING CONSTANT 





READ AND PRINT APPLIED FORCES, WALL 
PROPERTIES, AND PROPERTIES OF BEAMS 
FRAMING INTO WALL AT EACH FLOOR LEVEL 


READ AND PRINT PROPERTIES OF 
FRAME COLUMNS 


RETURN 


FIGURE E.,2 FLOW DIAGRAM FOR SUBROUTINE 'READIN' 
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CALCULATE RESISTING SHEAR OF 
FRAME, AND RESTRAINING MOMENTS OF 


BEAMS FRAMING INTO WALL IN EACH STORY 


CALCULATE SHEAR DUE 
TO APPLIED LOADS 


CALCULATE NET SHEAR 
IN WALL 


RETURN 


FIGURE E.3 FLOW DIAGRAM FOR SUBROUTINE 'FRAME' 
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CALCULATE BENDING 
MOMENTS IN WALL 





ASSUME SWAY ROTATION 
OF 0.003 IN EACH STORY 





CALCULATE MOMENTS 
DUE TO PA EFFECT 


CALCULATE TOTAL 
MOMENTS IN WALL 


CALCULATE DEFLECTED 
SHAPE BY NUMERICAL 
INTEGRATION 


DOES DEFLECTED SHAPE 
CONVERGE WITHIN 0.1% 


RETURN 


FIGURE E.4 FLOW DIAGRAM FOR SUBROUTINE "WALL' 
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FIGURE E.5 DEFLECTED SHAPE 12 STORY STRUCTURE 


Ele 


Sig 
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BLS 


oe MEPISIMEINICE 
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10000 20000 30000 


MOMENT IN WALL (kip- ft) 


FIGURE E.6 BENDING MOMENT IN WALL 12 STORY STRUCTURE 
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LEVEL 


FIGURE E,7 
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DEFLECTION (ins.) 
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LEVEL 
2 
3 
4 
——— REFERENCE 10 
5 | —— PRESENT ANALYSIS 





0 20000 40000 
MOMENT IN WALL 


FIGURE E.,8 BENDING MOMENT IN WALL 


60000 80000 
(kip/ft ) 


18 STORY STRUCTURE 


E15 


efi 





Of 303933 
212VIAMA TA2399 me 


En 


18 
19 
4 
6 
5 


1000 
2074 


2300 
4000 
4001 


Listing of Computer Program 


COMMON E»SOTLK »NCOL» NSTRY »NNeNRe No FL AT (40) 0 P( 40) eERTIA (40) 0 H640) 9S 
1M(40)+GRAVM( 40) + STIFM( 40) eROM( 40)» ULTM( 40) » STUFF (40,8) pFULT(4008)- 
Z2ROF (40 68) »RO( 40) oF (40) 6 BM 40 )e ROT( 40) » DEFLNC 50040) 07 (50040) 

CALL READIN 

OO 1 J=leNSTRY 

T(1.5J)=0-0 

RO(J)=0.003 

NR=1 

CALL FRAME 

NR=NR+¥+1 

CALL WALL 

TFUCNReEQ.51) GOTO 4 

CALL FRAME 

DO 2 J=1eNSTRY 

TEST=ABS( (TCNR=-1 oe JI-T(NRe JDIST (NRe JD) 

IF( TESTeGTe0-001) GOTO 3 

CONT INUE 

WRITE(6e1000) NR 

WRITE(6-2074) 

L=NSTRY+1 

DO 18 J=1eLl 

DEFLN(UNe J )=12¢ ©DEFLN(Ne JU) 

WRITE(6¢2300) Je BM(J)eF( J) eDEFLNI Ned De ROT( UD 

WRITE(Ge4000) 

DO 19 J=1eNSTRY 

WRITE(Ge4001) JeROCJ) 

GOTO 6 

WRITE(6e5) 

STOP 

FORMAT (1HO+*NUMBER OF PERMISSABLE CYCLES BETWEEN FRAME AND WALL EX 
1CEEDED® ) 

FORMAT (IHL >e* NUMBER OF ITERATIONS BETWEEN FRAME AND WALL = ° 913) 

FORMAT(1HO > * LEVEL BENDING MOMENT SHEAR OEFLECTION ROTAT 
LION *) 

FORMAT? © p51 4eF 1 Ge 2eFl2o2e SXoEIl o4@oMXeo Elle 4) 

FORMAT(1HOe* STORY SWAY ROTATION®) 

FORMAT (® © 6 T3e4XeE11 04) 

END 
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SUBROUTINE READIN 


COMMON EsSUILK »eNCOL > NSTRYeNNo NRe Ne FLAT ( 40) oe P(40) eERTIA(40) 0 H(40) 0S 
1M(40) »>GRAVM(40)+STIFM(40 )e ROM( 40 De ULTM( 40) oe STIFF ( 400 B) eFULT(4008)e 
2ROF (4068) » RO 40) oF 640) © BMC 40) 0 ROT( 40) » DEFLN( 50 040) 0 T (50240) 

REAL *8 IDENT1se IDENT2 eI DENT 3s IDENTS4 »IDENTS 

WRITE(602000) 

READ(5e1060) IDENT1 «I DENT2sIDENT3 oI DENT4s IDENTS 

WRITE(6e1061) [DENT1 eI DENT 2eI1DENT39I DENT4, IDENTS 

WRITE(62002) 

READ(5e1000) NCOL»+NSTRYeEs SOILK 

WRITE(622003) NCOL »eNSTRY 

WRITE(6e2004) EeSOILK 

E=E* 144.6 

WRITE(6+2005) 

DO 1 M=1sNSTRY 

READ( 541234) H(M) sFLAT(CM) oP (CM) eERTI ACM) e GRAVM(M) oe STIFM(M) ULTM( 
1M) .ROM(M) 

WRITE(Ge1001) MeoH(M) sFLAT(CM) oP (M) se ERTIACM) oe GRAVM(M) eo STIFM(M) oe ULTM( 
1M) »ROM(M) 

WRITE(6.1002) 

WRITE( 621003) 

DO 2 J=1eNSTRY 

READ(521007) (STIFFC Jo) ef=LeNCOL)D 

WRITE(621009) Jo(STIFF( Jol De L=1e NCOL)D 

WRITE( 6291005) 

WRITE(621003) 

00 3 J=1l»NSTRY 

READ(521007) (FULT(Jeol)ef=1eNCOL)D 

WRITE(621009) Je (FULT( Je) »1=1 eNCOL) 

00 3 [=1.+NCOL 

ROF (Jo LV=FULT( Je TI/STIFFC Jol) 

RETURN 

FORMAT CLHI 9° eRe EK EKKE EE KEKE KEKKEKEKEKEKREKEEKKEEK EES) 

FORMAT (SAB) 

FORMAT (1HO»5A8) 

FORMAT (1HO 9 2 Ke KHEKKK EKKEHKEKEKE KE EEK KEKE SKREKEKEREEE OH OD 

FORMAT (215 ceFLOe2 vEILIL 04) 

FORMATCIHO eT Se* COLUMNS eI S5e* STORIES® ) 

FORMAT (1LHO o®E = "oF 1 0e2o5X%o® BASE SPRING CONSTANT ® * eE164) 

FORMAT(LHOe* STORY HTe FLAT Pp ERTIA GRAVM 
1ISTIFM ULTM ROM °) 

FORMAT (130 2X eFSe206F10e20F 10 04 ) 

FORMAT(7F1IOe2c1F 1069) 

FORMAT (1HO e * COLUMN INITIAL RESPONSE * ) 

FORMAT(1HOe* STORY COLUMN = 1 2 3 
i 4 5 6 4 8 ®) 

FORMAT (8F10-0) 

FORMAT(1IHOs* COLUMN ULTIMATE CAPACITY ®) 

FORMAT(150e1OXeB8Fi2e2) 

END 
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SUBROUTINE FRAME 


COMMON ©€sSUILKeNCOL » NSTRY oe NNeoNRe Neo FLAT (40) »P (40) eERTIA(40) »H(40) 9S 
1M(40) eGRAVM( 40) oSTIFM( 40)» ROM( 40 Do ULT4( 40) eo STIFF ( 400 8B) oF ULT (4008) 6 
2ROF (40 68) «RO(40) oF (40) 0 BM( 40) » ROT( 40) oe DEFLN(50 040) 67 (50240) 

DIMENSION FRAM( 40) oHF( 4008) eFF (40) 


DO 1 J=1leNSTRY 
FRAM(J)=0-0 
DO 1 I[=1+¢NCOL 

TF (RO(J)eGTeROF(J21)) GOTO 2 
HF (Jol J=STIFFCIo1I) *RO( J) 
GoTo 1 
HFC Jol )=FULT(C Sel) 
FRAM(JI=FRAM( JI 4+HF (J oT) 

00 3 J=leNSTRY 
[F(RO(J)e¢GTeROM(J)) GOTO 4 
CM(J)=GRAVM( JI*+STIFM( J) €ROC J) 
GoTo Ss 

CM( J)=ULTM( J) 

FF(C J)=040 

DO 6 L=leJ 
FFCJ)=FF(JIFFLAT(L) 
FC J)=FF(J)—-FRAM( J) 
CONT TINUE 

RETURN 

END 
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16 
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SUBROUTINE WALL 


COMMUN EsSOILK + NCOLs NSTRY eNNeoNRo Ns FLAT (40) oP (40) ¢ERTIAC40) sHC40) 0% 
1M(.40) eGRAVM(40) eSTIFM(40) eROM( 40 ) eULTM( 40) s STIFF $098) eFULT (4008 De 
ZROF (40 +8) 6 ROL 40) F640) 9 BM( 40)» ROT( 40) »e DEFLN(50 040) of (50040) 

DIMENSION DELM(40) eDELV (40 De V4 40 De TPL 40) 

N=1 

K=NSTRY 

L=K+l 

v(1)=F O01) 

BM(1)=—-CM(1) 

TP(1)=PC1) 

DELM(1)=0e0 

DEFLN(1+L)=00 

ae) @ See ox 

VC J) =F CS) 

TP( J) =TPCI-1)94+PCJS) 

BMC J) =BM(C I-12) 4VCJ—-1 ) #HO I-12) - CMC SD 

V(LI=F(K) 

BM(LY=BMCK)+V CK) *HCKD 

DO 8 J=1eK 

DEFLN( 1leK—-J4+1)=DEFLN (te K-J +2) ¢H( K-Jt+1) #02003 

DELV(1)=P(1) 0-003 

DO 9 J=2eK 

DELM(J)=DELM(J—1 + TPC J—-1) HC J- 1) 0-003 

DEL V( J d=TP( I) #02003 i 

DELM(L)=DELM(K) +TP(K) #H(K) #00003 

DELV(L)=DELV(K) 

N=N+1 

IF (NeEQe50) GOTO 101 

DO 16 J=ieL 

BM(J)=BM(J)+DELM(J) 

V(JP=V0I) FOELV OS) 

ROT(L)=GM(L)/SOILK 

DEFLN(N>L)=020 

OO 12 J=1leK 

ROT (KJ +1) =ROTCK—J #2) HH (KS 41) #0 20 REMC K JOD DEV CK-JS 4) DOHC KS 1d) 702 
Le *E*ERTIACK-J41)) 

DEFLN(NeK—-J +1) =DEFLN(N 9 K—-J #2)¢ROT(K-JS4 2) HC K-J41 tC SMC K—Jt 1D HHO KJ 
141)¢*2/264+V(K—-J41) *H(CK-JS+l ,*R3/ZeDSCERERTIACK-J+1)) 

DELV(L)=P CL) ®COEFLN( No 1) -DEFLN(N=1 ol) -DEFLNONs 2)+DEFLNON=E 0 20)7HC1 
1) 

DO 15 J=2eK 

DELM( J) =DELM( J—1 4 TPC J—1) # (DEFLN (Ne I-12 ) -DEFLN(N~1¢ I-12) -DEFLNONe JF 
LOEFLN(N=-1 0J)) 

DELV( J) =TP (J) €(DEFLN (No J) -OEFLN( N= 1s J) -DEFLNGN 0 J41) ¢OEFLN( N= le Jt 1) 
1)/HO J) 

DELM(L)=DELM(K) 4+TPCK) ®( DEFLN(NeK )-DEFLN(N=1 0K) ) 

DELV(L)=DELV(K) 

DO 17 J=1eK 

TEST=ABS( (DEFLNONe J) -DEFLN(N—1 6 JD) /DEFLN(No JD) 

IF (TEST«GT~e0-001) GOTO 100 

CONTINUE 

PONSeU=llsik 

TOC NR e J) =DEFLNON JD 

DO 1 J=lek-’ 

ROCII=RCTENR » SD =TONR ott A DATONR=U oS D-TONR=1 0 SHLD) 702080 I)) 

GOTO 26 / 

WRITE(691000), 

WRITE(651001) 
stop 
RETURN 
FORMAT (1HO+* NUMERICAL INTEGRATION ON WALL FAILS TO CONVERGE AFTER 
1 50 CYCLES®") 

FORMAT(*STRUCTURE IS UNSTABLE® ) 

END 
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E.6 Output of the Computer Program 


CREE EKETEEEKEKEE CHEEK AREERERETEAEKEREE 


145 STURY FRAME SHEARWALL STRUCTURE 


KE EEK EKER ERK SEEERSEKHEEKEEKE HK HKKEK EEE 


4 COLUMNS 18 STORIES 
E = 4500.00 BASE SPRING CONSTANT 
STURY HTe FLAT P ERTIA 
1 10200 15-00 1130.00 350-00 
2 flesete 30-00 1130-00 350-00 
F  HOsGe 30-00 1130-00 35000 
4% 10.00 30-00 1130200 350-00 
5 10.00 30-00. 1130-00 35000 
o 10-00 30-00 1130.00 350-00 
7 10.00 30-00 1130.00 350 ¢0.0 
3 10.00 30200 1130200 350 200 
? 10.00 30-00 1130.00 330.00 
10 10400 30-00 1130200 350800: 
ih NOowe 30-00 1130200 350400 
12. 10-00 30.00 1130.00 350-00 
1 1Ocwe 30-00 1130.00 350-00 
14 10-00 30200 1130.00 350-00 
VS  1LOs0e 30-00 1130.00 350-00 
lo 10.00 30-00 1130-00 350-00 
17 10-00 30-00 1130.00 350-00 
13. 10.00 30-00 1130-00 350-00 
CULUMN INITIAL RESPONSE 
STORY COLUMN = 1 2 
l 5840-00 7500-00 
2 3500200 650-00 
3 3500.00 650600 
4 3500-00 650-00 
5 3500-00 650-00 
6 3500-00 650200 
7 3500-00 650.00 
) 3500-00 650200 
9 3500-00 6511000 
10 3500-00 650-00 
11 3500.00 650200 
12 3500-00 650200 
13 3500-00 650-00 
14 3500.00 650-00 
15 3500-00 650-00 
16 3500.00 650-00 
17 3500-00 65000 
13 3500.00 650200 
CULUMN ULTIMATE CAPACITY 
STORY COLUMN = 1 2 
i 76020 19.00 
2 50-80 12-70 
J 50-80 12270 
4 50.80 12-70 
5 50-80 12670 
6 50-80 12670 
7 50-80 12-70 
3 50-80 12-70 
9 50-80 12670 
10 50-80 12670 
11 50-80 12.70 
12 50-80 12670 
13- 50.80 12-70 
14 50-80 12070 
13 50-80 12070 
16 50-80 12270 
17 50-80 12270 
13 50-80 12-70 


= O2.SO0O00E 20 


GRAVM 
-160.00 
-160.00 
-160.00 
-160.00 
-16000 
-160-00 
-160.-00 
~160+00 
-160', 00 
-160. 00 
-160.00! 
—160-00 
-160200 
-160200 
-160+00 
-160.00 
—160.00 
-160.00 


3 
7920.00 
5800.00 
5800.00 
5800-00 
5800 00 
5800.00 
5800.00 
5800 .00 
5800-00 
5800-00 
5800.00 
5800.00 
5800-00 
5800.00 
5800-00 
5800-00 
5800.00 
5800.00 


3 
154.00 
114.00 
114.00 
114-00 
114.00 


114.00 
114-00 
114.00 
114.00 
114.00 
114200 
114-00 
114.00 
114200 
114.00 
114.200 
114-200 
114.00 


STIFM 
24 000-00 
24 000.00 
2400000 
24000200 
24 000e00 
24000.00 
24 000-00 
24 000-00 
'24:000 400 
‘24.0002 00 


24/000. 00° 


24'000-00 
24 000-00 
24000200 
24 000-00 
24 000-00 
24000.00 
24 000.00 


4 
1168-00 
700.00 
700.00 
700-00 
700-00 
700.00 
700-00 
700-00 
700-00 
700-00 
700.00 
700-00 
700-00 
700-00 
700-00 
700.00 
700-00 
700-00 


ULTM 
76200 
76200 
76200 
76200 
76000 
76200 
76200 
76200 
76200 
7600 
76200 
76200 
76200 
76200 
76200 
76200 
76.00 
76200 


E20 


ROM 
020100 
060100 
02-0100 
0e0100 
0.0100 
02-0100 
020100 
0.0100 
0.0100 
0.0100 
0.0100 
020100 
02-0100 
0.0100 
0e0100 
0e0100 
020100 
02-0100 








OSa 
PROTA OO HOR AEH EHO NORE O REE = 
[a 
BAUTOUNTE JUAWAAIHE SMART YROTE BE 
100 en oh eOd OHORe AUER RROD RR OR EH ORS Hes O8408 
> a 
ZasROTe Bf SMMUIOD & 
: ; : ie? 46 - ma 
OS 20002.0 » TATEHOD OM1NGe BAB, Oo«00ea - = 3 
Hh - ~Fi Get > be 
Man MTU waste MV.A RO AlTAS q TALS TH YROTE 
005040 00.0¥ CO+G0005 Ofn0HI- 00.004 OU -O815 00.81 00.01 1 
001040 00.40% OV O00 GCN.«.08t- 00.088 OO+OKIt 00.08 00-01 & 
005046 00.05 CO,O0048 00.007T= O00. Ge 6G.0811 00.00 OOeos & 
005040 00.8% O0.00045 00.0ds-~ 06,02 - OO.GtIT 00404 O5e01 +& 
001049 00 «o\ O0+0004S 00-00F— 006905 OO -OEI! OOs0E. OMsOF 
001040 00,87 O0.0000S GO.ORI- 00.028 OO.CLCIt O8sOL .- OO601 © 
OCL0e0 90 48T O0eH004S 00e6af= Oy Ore OOe00K1 00 ot OOe0l 4 
o0f0s.0 OU«et 00-000 PS OF s00T— C0405 OGeOLES O0+08. QOs0r & 
010.0 00-at OO,000%S OO00dt=— 06.084 OG-0Ei3 GCO40E 00.03 & 
6030.0 90 eat CO.00045 Of e0et- GoeodeE “OOeOL SS C0006  OfF01, Ut L 
001060 00 + aK O0.000)s5 '0060ei- COCO  OOROLES OCO60k . OO+0i i F 
OG10,0 00 «8¥ 60,006%5 00,061- 00.022 GUsGEI? 00 -0£ GooeGs Si ; fn 
0049.%0 068° OOL0D0 OS 0008 O00 0HE OWSOELE 00-00 O0-.01 at a 
0010.0 O06 a¥ OF-ONOS Bed t- GO.0et OOsOLT! 00608. O05 ba 
001049 00 edt OO.0004S BOe0at- 86-086 OOeOL EA  MO60% | OOe01  €t an A 
2010.0 00 +8 OeOHO*S. OO.08T= GO. 08 OO6GELE 06.008 004601 a ¥ 
9010.0 oo.et OOsONT#S Oe Gal—- 90,08 OO.0E11 00208 OOsG8 VE : 
O00 «0 00087 GO+.0G005 00 60at- 00 .02at. OReOL di Bede - 00008 bk ; 
S@nor2 sr . JATTIMI KwUJGS 
° E . ' = WHUIGD YHOLe 
COBO lt 00 «086% 00.002F 00. 0eHe cs i ' 
00» 00% 00, 0088 004080 00.000L ei > oF 
o0,00F | 00. 008 Q0.0%% 00.0086 j t 
00.00% a0,00n2 00.0¢8 00 6.008% o x 
00-00% 20s 0082 GO.0%0 00 002 2 . i} 
004 60% oo. abee do.088 00.0026 : o- ; ; 
00 «00% 96. COBe 00.020 69. 002E ‘ a 
00-00% 00.0088 00.928 00.0026 t i * 
60. 00T 00 0O8E 69.129 00 -0G2E fantaed ‘ a 4 
00-06% 00s FOF 9600e0 O0nsO08E ie) 0 A 
006 00% beige 00«020 00,0020 ‘ ce 
00 00% 00. 00R2 06 «084 O0.00ec : St ; 7 
00.03% oo, o0ee 00.086 G0 «00eE ar 
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